New approach to aqueous biphasic catalysis through catalyst confinement in nanoscopic core-shell polymers by Chen, Si


	
    	   	
    
    !"
 
# $% &	 $ '(
)* && 	 + & 	, 	- 	,	 .	 
&  &,
/	 #  # #	 /  )0 0 %$!'
.1 0#  	 1  ,
.1 234 &	5 	
 # 0 '5 0
1 # 6-5 	
 #789 5 
9	 .1 		 6:;5 	
    	5 
9	 .1  .5 	
 #78	5 /

REMERCIEMENTS
Je tiens tout d'abord à adresser mes plus vifs remerciements à mes directeurs 
de thèse, Prof. Rinaldo Poli et Dr. Eric Manoury qui m'ont soutenu tout au long de 
mon travail, et à la direction avisée, fidèle et exigeante de laquelle cette thèse doit. 
Sous leurs directions, ces trois années passées au Laboratoire de Chimie de 
Coordination ont été riches tant d’un point de vue scientifique que celui des relations 
humaines, je remercie particulièrement leurs aides et leurs conseils qui m’ont permis 
mener ce projet vers la réussite. Mes remerciements s’adressent ensuite à Dr. Florence 
Gayet pour son encouragement dès les débuts, sa disponibilité, son franc parlé, son 
suivi et son aide pendant ces trois années. Je tiens à remercier aussi Dr. Agnès 
Lalande qui m'a appris à faire ma première colonne dans ma vie ainsi pour son suivi 
et sa disponibilité jusqu’à la fin de ma thèse. 
Je tiens à remercier les différents membres de mon jury de thèse pour 
m’avoir honoré de leur présence ainsi pour leurs remarques et leurs contributions 
scientifiques. Mes remerciements s’adressent d’abord aux rapporteurs de ce 
manuscrit : Prof. Jean-François Carpentier et Dr. Didier Gigmes pour leurs temps 
consacré à évaluer ce manuscrit, ainsi les échanges précieux lors de la soutenance. Je 
voudrais remercier ensuite les examinateurs : Prof. Eric Monflier et Prof. Montserrat 
Gómez pour leurs apports et leurs conseils. D’un point de vue plus personnel, 
j'adresse mes plus sincères remerciements à Dr. Franck D’Agosto et à Dr. Muriel 
Lansalot qui a bien voulu répondre longuement aux demandes que je leurs ai 
adressées pour réaliser ce travail, ainsi pour leur accueil chaleureux pendant mon 
stage, leurs conseils, ont intégré leurs expertise pour m’aider à franchir les arcanes 
propre à la polymérisation RAFT en émulsion. Ainsi mes remerciements s’adressent à 
Dr. Carine Julcour, Dr. Jean-François Blanco, Dr. Laurie Barthe et Prof. Henri 
Delmas pour leurs précieux conseils et leurs apports tout au long de ma thèse au 
travers de discussions, de conférences.
Je tiens à exprimer ma gratitude aux directeurs de Laboratoire de Chimie de 
Coordination pour l’accueil et les conditions privilégiées de travail qui m’ont été 
offertes.
Je remercie aussi l'ensemble du personnel du service administratif de LCC :
Mélanie Bégué, Michel Griessinger, Fabrice Candau, Jérome Colombet, Michel 
Maupomé, Philippe Prono, Jean-Michel Van Butsele et Abdel Zouak et plus 
particulièrement Patricia Fouquereau et Isabelle Boutonnet qui malgré leur charge de 
travail ont toujours fait de leur mieux pour répondre à mes demandes, ont facilité 
énormément l’accomplissement de mes démarches.
Je tiens à exprimer mes remerciements à l’ensemble du personnel technique : 
la plateforme RMN, les services communs d’analyse du LCC et toute l’équipe des
techniciens du LCC. Plus particulièrement, j’adresse mes remerciements à Régis 
Laurent et à Pascale-Saint Aguet pour leurs aides en GPC et DLS, Laurent 
Weingarten et Vincent Collière, du service microscopique au centre de 
microcaractérisation Raimond Castaing,  pour leurs suivis en TEM.
Je remercie également tous les membres passé et présents de l’équipe G, une 
équipe, pleine d’humour et de sympathie: Jean-Claude Daran, Rinaldo Poli, Eric 
Manoury, Agnès Lalande, Sandrine Vincendeau, Florence Gayet, Eric Deydier, 
Catherine Audin, Dominique Agustin, Pascal Guillo, Wahidur Rahaman, Jana Pisk, 
Ahmad Joumaa, Andrii Karpus, Roberto Morales, Audric Michelot, Wei-Li Wang, 
Ekaterina Bellan, Iana Sinopalnikova, Pauline Loxq, Yohan Champouret, Andres 
Cardozo, Muh-Mei Wei et Katia Kozinets. Mes remerciements s’adressent ensuite à 
mes collègues de l’équipe A: Vincent César, Stéphanie Bastin, Dmitry Valyaev, 
Cécile Barthes, Rémy Brousses, Ludovik Noël-Duchesneau, Yin Zhang, Mirko 
Ruamps et Jérémy Willot, j’y ai rencontré de nombreuses personne formidables qui 
sont devenues pour certaines de sincères ami(e)s.
Enfin, je remercie plus que tout ma maman et mon mari qui sont toujours à 
mon écoute, qui ont supporté chaque jour mes humeurs et qui me soutiennent jusqu'à 
la fin de ma thèse.
Abbreviations
(acac) Acetylacetonate (2,4-pentanedionate)
AIBN -Azobis(2-methylpropionitrile)
APC Aqueous phase catalysis
ATRP Atom Transfert Radical Polymerization
BHT Butylhydroxytoluene
BINAP (2,2'-bis(diphenylphosphino)-1,1'-binaphthyl)
BMOPPS 4-[bis(4’-methoxyphenyl)phosphino]styrene 
CCM Core cross-linked micelle 
CD Cyclodextrin 
CMC Critical micelle concentration 
COD 1,5-Cyclooctadiene
CPE Ecole Supérieure de Chimie Physique Electronique 
CRP Controlled radical polymerization
CTPPA 4-cyano-4-thiothiopropylsulfanyl pentanoic acid 
DEGDMA di(ethylene glycol) dimethacrylate 
EGDMA Ethylene glycol dimethacrylate
DLS Dynamic light scattering
DMAP 4-(dimethylamino)pyridine 
ENSIACET Ecole National Supérieure des Ingénieurs en Arts Chimiques et 
Technologiques
dn/dc    Refractive index increment
DPPS 4-diphenylphosphinostyrene
DPn Degree of polymerization
DTB Dithiobenzoate
DVB Divinylbenzene
Dz Average size (hydrodynamic radius)
FTIR Fourier transform infrared spectroscopy
GC Gas chromatography
HKR hydrolytic kinetic resolution 
l/b The linear to branched product ratio
LCPP Laboratoire de Chimie et Procédés de Polymérisation
LCST    Lower critical solution temperature
LGC Laboratoire de Genie Chimique
M Micelle
MAA Methacrylic acid 
macroRAFT Macromolecular RAFT agent 
MI Macroinitiator
Mn Number average molecular weight
MS Mass spectrometry
NAM 4-Acryloylmorpholine
NG nanogel
NMR Nuclear magnetic resonance
PAA Poly(acrylic acid) 
PDI polydispersity index 
PEOMA poly(ethylene oxide) methyl ether methacrylate
PEO Poly(ethylene oxide)
PEG    Polyethylene glycol
PISA polymerization-induced self-assembly 
PMMA  Poly(methyl methacrylate)
PMAA Poly(methacrylic acid)
PnBA Poly(n-butyl-acrylate)
PNAM poly(4-Acryloylmorpholine) (PNAM)
PS Polystyrene
PtBA Poly(tert-butyl acrylate)
P4VP Poly 4-vinylpyridine
RAFT Reversible Addition-Fragmentation Chain Transfer
RCRPP Ruhrchimie / Rhone-Poulenc process 
RDRP reversible deactivation radical polymerization 
Rh Rhodium
ROMP ring-opening metathesis polymerization
RT Room temperature
SEC size exclusion chromatography
TEM Transmission electron microscopy
TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl 
TMOPP Tris(4-methoxyphenyl)phosphine
TPP Triphenylphosphine 
TTC Trithiocarbonate 
UCC process Union carbide corporation process 
 
Table of contents 
 
 
 
General introduction ........................................................................... 1 
Chapter I Bibliography ..................................................................... 11 
Chapter II Synthesis, characterization and physico-chemical 
studies of polymers ............................................................................ 57 
Chapter III Coordination studies and exchange processes ......... 109 
Chapter IV Hydroformylation catalysis ....................................... 161 
Conclusions and outlook ................................................................. 181 
Chapter V Experimental section .................................................... 185 
Annexes ............................................................................................. 215 
 
General introduction   1 
Chapter I. Bibliography  11 
Chapter II. Synthesis, characterization and physico-chemical studies of polymers   57 
 
Chapter III Coordination studies and exchange processes   109 
Chapter IV.Hydroformylation catalysis   161 
Conclusions and outlook   181 
Chapter VExperimental section 185 
 
 
  
 
1 
General introduction 
Catalysts speed up chemical reactions towards a specific product and allow chemical 
transformations to be carried out at lower temperatures and pressures with higher selectivity. 
As a result catalytic processes are at the heart of chemical industry. About 80% of the 
manufactured goods from oil, coal, gas or renewable resources to everyday consumer 
products need at least one catalytic step.[1] The World market for catalysts is estimated to be 
worth ca. 25 billion US$, divided roughly equally between refining, petrochemicals, polymers, 
environmental (20–25% each) and with about 11% being used in fine chemicals.[2] Modern 
chemical industry, under pressure of stricter regulations and societal concern, is faced with 
the need to improve efficiency and cleaner production processes and catalysis is one the major 
keys to green chemical technology. In addition, methods for eliminating or reducing the cost 
of separation and purification steps are of crucial importance for a sustainable industry, as 
these constitute over 50% of the running cost of industrial plants nowadays. 
Catalysis is a major tool for this mission of developing cleaner processes. One of the 
famous examples is the Sabatier reaction (1912 Nobel Prize)[3] as applied to the everyday life 
on a space station. This process involves the reclaiming of the CO2 exhaled by the crew by 
reduction with H2, using a nickel catalyst to generate methane and water (4H2 + CO2 → 2H2O 
+ CH4). In turn, H2 is produced by water electrolysis, which also regenerates the oxygen 
needed for the crew’s breathing in the space station. Part of the reclaimed water is also filtered 
into portable water. The Sabatier reaction was a crucial requirement for long-term space 
flights. Paul Sabatier was probably the first person who classified catalysis into two branches: 
i) homogeneous catalysis, where the catalyst is found in the same phase as the reactants and 
products, and ii) heterogeneous catalysts, where the catalyst is insoluble in the reagents phase 
where the reaction is taking place.[4] Enzymatic catalysts, where the reactions are catalyzed by 
an enzyme, typically occur within living systems and are generally considered as 
homogeneous. 
The main effort of chemical industry is devoted to the development of heterogeneous 
catalysts and their application in industrial-scale organic synthesis because of their major 
advantage: the ease of separation of the catalyst form the reaction products, recovery and 
recycling. In general homogeneous catalysis is implemented when there is no heterogeneous 
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catalyst capable of promoting the desired reaction or when the desired selectivity to a higher 
added value product is only possible using a homogeneous catalyst, at the condition that the 
catalyst cost is low and its loss is affordable or that the cost of its recovery is not too 
prohibitive.[5] Despite the recovery and recycling advantage of heterogeneous catalysis in 
industrial processes, homogeneous catalysis remains attractive in terms of activity and 
especially selectivity (both performances being key for green chemical technology).[6] One of 
the outstanding challenges in this area is to develop efficient protocols for continuous flow 
production with total catalyst recovery and recycling in a wide range of processes.[7–10]  
To overcome this limitation, different strategies for catalyst recovery including 
distillation, precipitation, extraction and ultrafiltration through permselective membranes are 
actively investigated. Without doubt, the less costly and most easily implemented process is 
decantation, provided that the catalyst and the reaction product are in two different liquid 
phases at the end of the transformation and that the decantation is rapid. It is even better if an 
extraction solvent can be avoided by developing biphasic catalytic protocols in which one 
liquid phase contains the substrate/product and the catalyst is confined in a different liquid 
phase. In liquid-liquid biphasic catalysis, however, mass transport becomes a major issue. 
Although the use of fluorous organic solvents[11,12] or ionic liquids[13–16] for catalyst 
confinement has attracted a great deal of attention, water remains the most interesting choice 
in view of its lower cost and hazards[17]. The latter system is named APC for "Aqueous Phase 
Catalysis". 
The most important industrial-scale and the first commercially available APC system 
is the Ruhrchimie / Rhone-Poulenc process (RCRPP) for the hydroformylation of propene to 
n-butanal. This process relies on a rhodium catalyst coordinated by the water soluble 
triphenylphosphine tri(m-sulfonate) (TPPTS) ligand [18,19]. The catalyst shows particularly 
attractive features with the production of a mixture of butyraldehyde (linear product) and 
isobutyraldehyde (branched product) with high linear/branched (l/b) regioselectivity and very 
small amounts of a few by-products such as isomerized olefins and alcohols, while the 
recycling is realized by simple decantation. The water-soluble TPPTS is used in about 50-fold 
excess and the catalyst leaching is effectively negligible. This technology is a powerful tool in 
terms of activity, selectivity and stability (low catalyst loss) to produce linear aldehydes from 
propene and 1-butene, but it works less efficiently for longer carbon chain olefins because of 
their insufficient solubility in water. Therefore, most of the higher olefins (90%) are still 
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converted into aldehydes or alcohols using a cobalt-based homogeneous process where the 
cobalt catalyst in the product stream is destroyed and needs to be regenerated in a separate 
plant by an energy intensive process. 
Different approaches, which will be better outlined in the biliography section, have 
been investigated to overcome the substrate solubility limitation in olefin hydroformylation 
by an APC approach. Among them, the micellar approach has especially caught our attention. 
The hydrophobic catalyst is covalently anchored to the hydrophobic part of an amphiphilic 
molecule (molecular surfactant or diblock copolymer) which can self-assemble in water to 
generate micelles. Then, the reaction occurs very efficiently within the hydrophobic core of 
the micelles. Mass transport of the reactants and products between the micellar core and the 
continuous reactant/product phase is not rate limiting and the catalyst remains confined within 
the water layer at the end of the reaction, allowing its facile recovery and recycling. However, 
the micellar APC also has some disadvantages such as excessive core swelling leading to the 
formation of stable emulsions and therefore slow decantation, and the micelle/free surfactant 
equilibrium leading to losses during the separation phase. 
The current thesis is based on an innovative approach related to micellar catalyst but 
in which the catalyst is covalent linked to the hydrophobic core of well-defined unimolecular, 
core-cross-linked micelles (polymeric nanoreactors). The synthetic protocol is based on a 
convergent one-pot polymerization in water using reversible addition-fragmentation chain 
transfer (RAFT) radical polymerization as the controlling method, whereby following the 
controlled growth of the hydrosoluble block, chain extension with the hydrophobic monomer 
in water leads to polymerization-induced self-assembly (PISA).[20,21] These nano-objects 
function as micelles and the catalysis principle is identical to micellar catalysis, but the 
disadvantages of micellar catalysis are removed while retaining the advantages as will be 
detailed in due course. This new tool has been applied to a representative catalytic 
transformation, the Rh-catalyzed hydroformylation reaction, in order to provide a proof of 
principle, but the same strategy is potentially applicable to a broader variety of catalyzed 
processes of industrial importance. 
The project needs a broad range of know-how from ligand synthesis, to polymer 
synthesis, to coordination chemistry, to homogeneous and biphasic catalysis. Considering the 
transdisciplinary concept and its implementation, the project was developed in a collaborative 
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fashion between our team, specialized in ligand design, coordination chemistry and catalytic 
mechanisms, but also with a working knowledge of controlled radical polymerization, and 
two other teams within the framework of the ANR project BIPHASNANOCAT: (i) a partner 
team in the “Laboratoire de Chimie et Procédés de Polymérisation” (LCPP) (Franck 
D’AGOSTO and Muriel LANSALOT), located at the Ecole Supérieure de Chimie Physique 
Electronique (CPE), Lyon, which is a world leader in the synthesis of polymer colloids via 
miniemulsion and emulsion polymerizations, and (ii) a partner team in the “Laboratoire de 
Genie Chimique” (LGC) (Henri DELMAS, Carine JULCOUR and Jean-François BLANCO), 
located at the Ecole National Supérieure des Ingénieurs en Arts Chimiques et Technologiques 
(ENSIACET), Toulouse, which is expert in multiphase reaction engineering (analysis and 
modelling of catalytic multiphase reactions, reactor design and optimization) and particularly 
experienced in biphasic hydroformylation. 
The first chapter will provide an overview of the available catalyst recovery 
strategies, followed by a description of different approaches including catalyst grafting on 
soluble polymers and dendrimers, catalyst grafting on solid supports and catalyst confinement 
in a separate liquid phase that is not miscible with the substrate/product phase. This 
bibliographic chapter also includes a section detailing various methods for preparing well-
defined polymeric nanoreactors and the known examples of their use in catalysis. The second 
chapter will describe all the synthetic efforts realized during this thesis, starting with the 
synthesis of the first “standard”, triphenylphosphine-functionalized core-cross-linked micelles 
by RAFT aqueous dispersed method, followed by variations of the polymer architecture 
design, including the development of new ligand monomers and their incorporation into the 
polymeric nanoreactors. 
The third chapter will report our investigations of the precatalyst coordination inside 
the nanoreactors and of coordination chemistry phenomena such as intraparticle and 
interparticle ligand exchange and metal migration under different pH conditions. In order to 
fully understand certain phenomena, the same processes were also investigated on model 
molecular systems and the corresponding results are also reported in this chapter.  
Comparative catalytic studies with the polymer-supported catalytic nanoreactors 
under aqueous biphasic conditions and on soluble model compounds under homogeneous 
conditions will be summarized briefly in the fourth chapter. The discussion will be focused on 
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the proof of principle and on the leaching studies, providing feedback for optimization of the 
polymer architecture.  
All the synthetic protocols, the full characterization data for the products, and a 
description of the equipment and instrumentation used for the preparation, characterization 
and evaluation of the polymeric nanoreactors is detailed in chapter V before concluding with 
a short description of the perspectives of this work. 
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Chapter I Bibliography 
 
I.1 Catalyst and catalyst recycling 
I.1.1 Heterogeneous vs. homogeneous catalysis 
The concept of catalysis was introduced by chemist Elizabeth Fulhame and described 
in 1794, based on her work in oxidation-reduction.[22] The term “catalysis” was first employed 
by Berzelius in 1836 to identify a new entity capable of promoting the occurrence of a 
chemical reaction by a “catalytic contact”.[23] In his view, the catalyst was seen as an entity 
capable of speeding up the rate of the reaction while remaining unchanged throughout the 
process. 
Traditionally, catalytic processes are distinguished into homogeneous and 
heterogeneous. This distinction is due to the fact that the catalyst operates respectively in the 
same phase where the reaction occurs (homogeneous catalysis) or in a different phase 
(heterogeneous catalysis). Most of the homogeneous processes occur in a liquid phase and the 
catalyst is a well-defined molecular compound whereas the heterogeneous ones involve the 
use of a solid catalyst and the reaction occurs on the solid surface which may be characterized 
by active sites of different nature, with the reactants as either liquids or gases. The fact that 
the catalyst is in a distinct phase with respect to the reaction medium accounts for the major 
advantage of the heterogeneous catalytic processes over the homogenous ones as the 
separation and recycling are easier and less costly. 
Table I. 1  Major differences between homogeneous and heterogeneous catalytic processes 
 Homogeneous Heterogeneous 
Form Soluble molecule Metals, usually supported, or metal 
oxide 
Active site well-defined, discrete molecules Poorly defined 
Phase liquid Gas/solid, liquid/solid 
Selectivity High Generally low 
Diffusion Facile Can be problematic 
Heat transfer Facile Can be problematic 
Production separation Generally problematic Simple 
Catalyst recycle Expensive Simple 
Catalyst modification Easy Difficult 
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The major advantages/disadvantages of heterogeneous vs. homogeneous catalytic 
processes are summarized in Table I. 1. The main difference is that every single catalytic 
entity in a homogeneous system using a well-defined molecular catalyst is identical. This 
makes homogeneous catalysts intrinsically more active and selective. On the other hand, the 
irregular shape of most heterogeneous catalyst surfaces gives rise to multiple sites, each one 
characterized by a different activity and selectivity. Heat transfer and substrate diffusion are 
additional problems in heterogeneous processes while the ease of separation and recycling are 
the major advantages. Since homogeneous catalysis provides clear benefits in terms of 
activity and selectivity, finding solutions to the problem of their recovery and recycling is of 
major interest.  
I.1.2 Strategies for homogeneous catalysis recovery and recycling 
In order to re-utilize homogeneous catalysts, these need to be separated from the 
homogeneous phase containing the reaction products. The recovery and recycling of 
homogeneous catalysts are important issues from the economic and environmental points of 
view. Several methods are possible, as summarized in Scheme I. 5. Classical methods include 
distillation or chromatographic separation of the reaction products. Such operations are often 
energy intensive and may deactivate the catalyst. Taking the hydroformylation of light olefins 
(C ≤ 4) in the Union Carbide Corporation process (UCC process) as an example, the aldehyde 
is continuously distilled (boiling points are 76°C for butanal and 103ºC for pentanal) off the 
reaction vessel to re-utilize the rhodium phosphine catalysts.[24,25] However, for the 
hydroformylation of higher olefins, for instance 1-octene, this recovery procedure is 
unsuitable because the rhodium phosphine complex would decompose due to the needed 
higher distillation temperature. Despite the much milder reaction conditions and higher 
selectivity in favor of linear aldehydes when using rhodium complexes, cobalt carbonyl 
complexes are still used industrially.[26,27]  
Among the alternative strategies to recover and recycle the catalyst, we can 
distinguish three strategies. The first one involves anchoring the catalyst onto a soluble 
support (e. g. a polymer or a dendrimer) that can be more easily separated from the products 
phase at the end of the reaction by either precipitation through the addition of a non-solvent or 
by ultrafiltration through the use of suitable microporous or nanoporous membranes. This 
method of separation is also useful in enzymatic catalysis, since the large size of most 
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enzymes allows the facile separation from the smaller reaction product molecules, which can 
cross the small membrane pores. Within this approach, the catalyst support is soluble in the 
substrate/product phase and the reaction is conducted in a truly homogeneous medium.   
 
Scheme I. 1  Strategies for catalysis recovery 
The second and third strategies consist of immobilizing the homogeneous catalyst 
onto a second phase (solid or liquid, respectively), thus the catalytic process becomes 
heterogeneous, but the catalytic transformation still occurs with use of a well-defined 
homogeneous catalyst and generally takes place within a single phase. Thus, these two 
strategies will be collectively referred to as “hybrid” methods. Immobilization of the catalyst 
on the surface of a solid support (second strategy), may involve several different types of 
insoluble solids including metals, metal oxides or cross-linked polymer. If the molecular 
catalyst is separated from the surface by a sufficiently long and flexible linker, the nature and 
therefore catalytic activity of the molecular catalyst is not significantly affected by the surface 
and the reaction proceeds in the liquid phase as if the molecular catalyst was completely free 
in solution (heterogenized homogeneous catalysis).[28–30] However, anchoring on the insoluble 
solid support allows facile separation by filtration (dark dotted arrow in Scheme I. 1). A 
recently introduced and interesting variant of this method consists of anchoring on a magnetic 
solid support, which may also be in the form of nanoparticles that can be easily dispersed in 
the liquid phase, allowing facile separation through the use of an intense magnetic field.[31–33] 
The third and final strategy consists of confining the catalyst in a second liquid phase, 
which is immiscible with the product phase, and can therefore be recovered at the end of the 
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reaction by simple decantation. This strategy comprises different approaches that differ by the 
catalyst confinement method and by the exact location of the catalytic transformation. In a 
first type of process, the reaction occurs at the catalyst-substrate/product interface. This 
occurs when the molecular catalyst is held in a second immiscible phase by selective 
solubility and is completely insoluble in the substrate/product phase while the substrate is 
totally insoluble in the catalyst phase. In a second type of process, the catalytic reaction 
occurs in the bulk of the catalyst homogeneous phase. The substrate must have slight 
solubility in this phase and the catalyst is once again confined in this phase by selective 
solubility. In a third type of process, the catalytic reaction occurs in the bulk of the substrate 
phase. The catalyst, while confined in a different immiscible phase, can be transferred by 
specific additives called “phase-transfer catalysts” or by a temperature variation 
(thermomorphic catalysis). The latter type of process requires catalyst anchoring on polymers 
that exhibit a temperature-selective partition between the substrate/product phase and a 
second immiscible phase for recovery. In a fourth and final approach, the catalytic reaction 
occurs within the core of micelles that remain confined as a stable dispersion in the catalyst 
phase. However, the core is physically compatible with the substrate and products. Therefore, 
the substrates can freely migrate from the continuous substrate/product phase to the micellar 
core, be transformed to the products, and the latter can finally migrate back toward the 
continuous phase. This micellar catalysis approach is typically restricted to aqueous biphasic 
systems (the catalyst phase is water) and the molecular catalyst must be anchored to surfactant 
molecules or to amphipilic copolymers that are capable to self-assemble to form micelles. All 
these methods will be detailed in the followig sections with particular attention to their 
implementation for the hydroformylation of higher olefins.  
 
I.2 Recovery of catalyst supported on soluble polymers or dendrimers.  
I.2.1 Precipitation methods 
The use of soluble polymer-supported catalysts[34–36] has received significant 
attention as an alternative method to the traditional insoluble bound catalysts because of the 
advantages of a more facile characterization. Furthermore, the reactivity and selectivity of the 
resulting supported catalysts are somewhat predictable by virtue of the homogeneous nature 
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of the solution phase chemistry and can be as high as those of the low molecular weight 
counterparts. Poly(ethylene glycol) (PEG) and non-cross linked polystyrene (PS) are the most 
often used polymer carriers. The catalyst recovery is usually accomplished by using the 
various macromolecular properties of the support, most frequently, the precipitation with a 
poor solvent for the polymer. The resulting heterogeneous mixture is subsequently filtered to 
isolate, recover and recycle the catalyst. 
In addition to linear chain polymers, dendrimers have also been used as catalyst 
supports. The advantage of dendrimers over linear chain polymers is that they offer precise 
control of size and functionality. Furthermore, the catalyst can be selectively incorporated in 
specific locations of the polymer scaffold (core, branches, surface), potentially controlling 
their reactivity and selectivity. However, a great disadvantage of dendrimers is their more 
costly and time consuming step-by-step synthesis. As an example, Fan et al. used dendronized 
polymeric Ru(BINAP) (BINAP = (2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) as 
macromolecular chiral catalyst for asymmetric hydrogenation in 2-propanol/THF=1:3 (v/v), 
yielding high catalytic activity and enantioselectivity. These polymeric catalysts could be 
easily recovered from the reaction solution by precipitation. After completion of the reaction, 
methanol was added to the reaction mixture and the catalyst was quantitatively precipitated 
and recovered via filtration. The recovered catalyst was reused for at least three cycles in the 
asymmetric hydrogenation of 2-methylacetophenone without any loss of activity or 
enantioselectivity.[37] 
I.2.2 Membrane separation methods 
The spheroid architecture of dendrimers facilitates better recovery, relative to the 
comparable catalysts on linear chain polymeric supports, by ultrafiltration through 
membranes that are engineered with pores of uniform size and smaller diameters than those of 
the dendritic particles (1–10 nm). This attribute makes the dendrimers attractive as 
“nanoreactors”. Filtration of this kind has been demonstrated,[38,39] for instance, by van 
Leeuwen et al. who have used diphenylphosphine functionalised carbosilane dendrimers in 
the allylic alkylation reaction. These dendrimeric catalysts could be used in a continuous 
process using a membrane reactor (Scheme I. 2).[38] 
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Scheme I. 2  Schematic illustration of filtration apparatus for membrane reactors.  
 
I.3 Recovery by heterogenization of homogenous catalysis on solid supports 
I.3.1 Heterogenization of homogeneous catalyst on inorganic materials 
I.3.1.1 Immobilization through covalent bonds 
The immobilization of homogeneous catalysts on inorganic solids has several 
advantages. These materials are generally inert, chemically stable and have a very good 
thermal stability. In this context, the most commonly used inorganic materials are siliceous 
materials, such as the mesoporous MCM-411. The reagents are often anchored by covalent 
bonding to the silica surface by condensation reactions of alkoxy- or chlorosilanes with 
surface hydroxyl groups, as indicated in Figure I. 1A.[40–42] As an example, van Leuween et 
al.[43] have reported the grafting of a norephedrine derived ligand on silica gel as support 
(Figure I. 1B) followed by coordination to [RuCl2(η6-p-cymene)]. The in situ formed 
ruthenium catalyst, used for the hydrogenation of acetophenone, was only 2 to 3 times less 
active than the homogeneous analogue, the small activity decrease being attributed to the 
heterogeneity of the reaction medium. The catalyst could be recycled by filtration and was re-
utilized twice with a small activity decrease. However, good performance was found for this 
catalyst in a continuous flow. It is not surprising that a loss of activity and selectivity are often 
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found in heterogenized homogeneous catalysis. van Leeuwen et al. [44,45] have shown an 
example where an immobilized homogenous catalyst (see Scheme I. 3) exhibits the same 
selectivity as the homogeneous analogue. In this approach, the rhodium siloxantphos complex 
was immobilized on a porous silica structure by the sol-gel technique. This heterogenized 
catalyst gave high selectivity towards the linear aldehyde in 1-octene hydroformylation and 
high stability after one year of successive tests on the same sample. 
A
 
B 
 
Figure I. 1  A: General procedure for catalysis immobilization on a silica support. B: Supported benzyl-(1R,2S)-
norephedrine ligand. 
 
 
Scheme I. 3  Schematic illustration of the preparation of sol-gel immobilized rhodium siloxantphos complex. 
 
I.3.1.2 Immobilization through non-covalent bonds 
The synthesis of immobilized homogeneous catalysts can be also achieved by  
deposition of active species on surfaces by non-covalent interactions such as chemi- or 
physisorption, ionic bonds, or hydrogen bonds.[46–52] In those cases, the catalyst 
immobilization is insured only by weak interactions and the system stability depends on the 
experimental conditions. Kim et al. [47] have used mesoporous silica (Al / MCM-41) with 
partial substitution of silicon atoms by aluminum atoms on the surface to generate a 
negatively charged surface. This allows the immobilization of Mn(salen) complexes by ionic 
bonds. Supported complexes are stable during the reaction and no leaching was observed. 
This active catalyst was recycled 3 times without loss of reactivity on enantioselective 
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epoxidation reactions. Vizza et al. have performed the heterogenization of Rh complexes, 
adsorbed on partially dehydroxylated high surface area silica by hydrogen-bonding 
interactions (Figure I. 2) for application to hydroformylation. The supported complex proved 
thermally robust, easily recyclable and gave no Rh leaching.[49] 
 
Figure I. 2  Adsorption of Rh complexes on dehydroxylated silica by hydrogen-bonding interactions 
 
I.3.2 Heterogenization of homogeneous catalysts to insoluble polymers (macroscopic 
gel)  
The use of insoluble polymeric supports is another common way for the preparation 
of supported catalysts. In 1963, Merrifield introduced the use of cross-linked PS resins as a 
new approach to the chemical synthesis of polypeptides.[53] Nowadays, cross-linked PS 
remains one of the most used polymer supports[54–56] because of its commercial availability 
and low cost. The catalytic activity and recyclability of supported systems depend on various 
factors including the resin structure (porosity, rigidity) and the immobilization method. 
Generally, increasing the PS cross-linking density (to 10-20%) results in rigid macroporous 
structures while a low degree of cross-linking (~ 2%) results in flexible microporous 
structures. The catalyst immobilization is usually achieved through either covalent bonds or 
ionic interactions in the case of ion exchange resins.[57]  
This methodology has also been used to immobilize hydroformylation catalysts. 
Molinier et al. have described the grafting of a dinuclear rhodium complex on a commercially 
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functionalized resin (Res-PPh2), see Scheme I. 4, and applied it to the efficient 
hydroformylation of 1-octene under mild conditions. High conversions were achieved with 
full chemoselectivity to aldehydes. Subsequent recycles maintained the activity performance 
within experimental error.[58] Other reported resin-attached Rh complexes have also shown 
efficient hydroformylation of higher olefins such as 1-pentene[59], 1-hexene [60] and 1-
dodecene.[61]  
 
Scheme I. 4  Functionalized resin (Res-PPh2). 
Generally, insoluble gel-supported catalysts based on polystyrene gels are efficient 
for catalyst recycle and product recovery but often result in low activities owing to the 
reduced access of the substrates to the catalyst active sites. In contrast, soluble (or dispersed) 
microgels can solidly enclose catalysts in the cross-linked networks, similar to macroscopic 
gels, while keeping high activity. The design of soluble microgel-based nanoreactors is now 
possible thanks to recent advances in living polymerization but has not yet been widely 
developed for applications in catalysis. The few existing examples will be detailed below in 
section I.5.  
 
I.4 Recovery by the liquid-liquid biphasic approach 
Liquid-liquid biphasic or more generally multiphasic catalysis can offer clear 
advantages, especially in relation to the easy implementation of the catalyst recovery and 
recycling procedure, which is based on a simple decantation. In liquid-liquid biphasic 
protocols, the catalyst is immobilized in one liquid phase whereas the reaction products 
separate in a second non miscible phase. This biphasic concept has been demonstrated using 
various solvents to confine the catalyst. Given that the catalyzed processes of interest most 
typically involve lipophilic organic molecules that are poorly functionalized with polar groups, 
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the catalyst is generally confined in a lipophobic solvent. The four different types of catalytic 
processes depending on where the reaction occurs (interfacial, in the bulk of the catalyst phase, 
in the bulk of the substrate/product phase, and micellar catalysis) have already been detailed 
in section I.1.2.  
I.4.1 Two immiscible organic liquids  
In special cases, the catalyst may be confined in a second organic solvent, not 
miscible with the reaction product. The heptane-DMSO system has been used by Plenio et 
al.[62,63] for Suzuki-Miyaura coupling reactions using palladium-based catalysts, which are 
soluble in DMSO. As in the case of the organic/aqueous system that will be described below, 
the reaction medium remains biphasic all along the reaction. 
I.4.2 Fluorocarbon based solvents  
Fluorinated solvents have also been used as catalyst carriers, as proposed by Horvath 
et al.[64]. Fluorocarbons are generally miscible with organic compounds at the high 
temperatures where reactions are typically carried out, but give rise to phase separation at 
room temperature. Using the fluorous-soluble P[CH2-CH2(CF2)5CF3]3-modified rhodium 
catalyst in a toluene/C6F11CF3 50/50 mixture for the hydroformylation of 1-decene gave good 
catalytic activity and good linear/branched regioselectivity (l/b = 8). The fluorous biphasic 
catalyst recovery concept was also adapted to semicontinuous processes. During 9 
consecutive reaction/separation cycles, a total turnover number over 35 000 was achieved 
with a loss of only 1.18 ppm of Rh relative to the undecanal products. 
The best activities were obtained for the hydroformylation of 1-octene using P(4-
C6H4C6F13)3 as ligand in the absence of toluene. In this case, high rates were observed and the 
metal losses were reduced to 0.05% per cycle.[12] The absence of solvent is a great advantage 
because the distillation step for the product separation is no longer necessary. However, the 
very high cost of using fluorinated solvents and fluorous-soluble ligands militate against the 
application of this concept at the industrial scale. 
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I.4.3 Ionic liquids  
Ionic liquids are defined as salts that exist in the liquid state at temperatures ≤ 
100°C.[65] These compounds are characterized, in addition, by an extremely low (negligible) 
vapor pressure. Ionic liquids have found a variety of industrial applications,[66] aiding the 
recycling of synthetic goods, plastics and metals. They offer the specificity required to 
separate similar compounds from each other, such as separating polymers in plastic waste 
streams. The miscibility of ionic liquids with water or organic solvents such as hydrocarbons 
varies with the side chain lengths on the cation and with the choice of anion. Thus, ionic 
liquids offer an alternative to water in biphasic systems. Their application in biphasic catalysis 
was initiated in 1995 by the work of Chauvin et al. on the hydroformylation of 1-pentene.[60] 
Excellent results in terms of activity, selectivity and catalyst stability were then also obtained 
for other substrates such as 1-octene[68] and 1-dodecene[69] with very low metal loss (<5 
ppb).[68] Therefore, this approach has opened a new possibility for the hydroformylation of 
higher olefins. 
I.4.4 Water 
I.4.4.1 Bulk catalyst phase for low water solubility substrate 
Although the use of fluorous organic solvents or ionic liquids has attracted attention, 
their application at the industrial scale remains a challenge. Without doubt, water is the 
preferred catalyst confining phase because of its low cost and toxicity. There are essentially 
four different approaches in aqueous biphasic catalysis as already mentioned in section I.1.2. 
The first scenario involves reaction in the bulk of the catalyst phase. In order to operate by 
this principle, the substrates must have sufficient solubility in the catalyst phase and be 
transferred to this phase at a faster rate than the rate at which it is consumed by the catalyzed 
process. In other words, the overall process should be limited by the chemical reaction 
kinetics and not by the mass transfer kinetics. 
If the substrate is sufficiently water soluble, then the process can be carried out in the 
absence of any additive, which makes the process more attractive for industrial applications. 
The most relevant example is the Rh-catalyzed hydroformylation of propene and butene using 
water-soluble phosphines as supporting ligands,[70] which is run on a large industrial scale (> 
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8·105 tons per year). This process cannot be extended to the higher olefins because of their 
more limited solubility in water and of consequent mass transfer limitations. Use of additives 
such as co-solvents (e.g. alcohols)[71–73] or cyclodextrines[74,75] have been used to improve the 
substrate solubility in the aqueous phase as detailed below. 
I.4.4.1.1 In the presence of a co-solvent 
The substrate solubility in the aqueous catalyst phase may be improved by the 
addition of co-solvents. Light alcohols such as methanol and ethanol have been used to 
increase the substrate-catalysis contact.[72,73,76] The best results for the hydroforymation of 
higher olefins have been obtained by adding 20% (w/w) of methanol, resulting in a significant 
increase of 1-octene conversion from 20 to 90% under standard reaction conditions. However, 
this medium modification led to a negative effect on the linear/branched aldehyde selectivity 
(reduction by over a factor of two). The formation of aldol by-products could be maintained 
below 1% by working under slightly basic conditions (pH = 10). 
I.4.4.1.2 In the presence of cyclodextrine 
Cyclodextrins (CDs) are a class of naturally occurring water-soluble cyclic 
oligosaccharides, constituted of six (α-CD), seven (β-CD), or eight (γ-CD) D-glucopyranose 
units.[77] Their external surface is hydrophilic and ensures their solubility in water while the 
hydrophobic cavity can host a variety of lipophilic guest molecules resulting in the formation 
of guest-CD inclusion complexes. This property makes them practically attractive for use in 
biphasic media by acting as a “marriage agency” between the organic substrate and the water-
soluble catalyst.  
Cyclodextrins were first used as mass transfer additives in aqueous organometallic 
catalysis by Alper in 1986.[78] Subsequently, Jackson et al. used native CDs and water-soluble 
catalysts in biphasic hydroformylation with the hope of achieving “inverse” phase transfer 
(Scheme I. 5(a)) of 1-hexene, but the rhodium catalyst were inhibited by the addition of α-CD 
to the reaction medium.[79] A major breakthrough came in 1994 when Monflier introduced 
chemically modified CDs[80] by substitution of the alcohol functions of CD and applied them 
in Wacker oxidation of 1-decene. These water soluble “randomly methylated” β-CD (RAME-
β-CD) were then used in numerous other reactions including hydroformylation,[75,81,82] 
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yielding much better activities than the native CDs. Indeed, catalyst inhibition is a 
phenomenon rarely observed with modified CDs. Furthermore, it was also demonstrated that 
the catalytic system consisting of metal, water-soluble ligand and RAME-β-CD could be 
quantitatively recovered with no increase in catalyst leaching relative to the cyclodextrin-free 
system. Moreover, it was observed that in the rhodium catalyzed hydroformylation, due to the 
formation of inclusion complexes between the RAME-β-CD and the TPPTS ligand, the 
linear/branched aldehyde ratio significantly dropped from 2.7 (without CD) to 1.8.[83–85] 
However, this interaction could be avoided by using properly modified β-CDs.[86,87] 
 
 
Scheme I. 5  Principle of aqueous biphasic organometallic catalysis mediated by modified CDs. Reproduced 
with permission from reference [83]. Copyright 2011 Elsevier B.V. 
 
I.4.4.2  Approaches for highly hydrophobic substrates  
I.4.4.2.1 Interfacial catalysis  
When the substrate is insufficiently soluble or completely insoluble in the catalyst 
phase, biphasic catalysis can be implemented in three different ways. The simplest one is to 
simply allow the reaction to occur at the interface between the substrate and catalyst phases 
(interfacial catalysis).[82,83,88–90] The rate of the process is proportional to the rate of stirring 
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and to the interfacial area. The latter can be increased by the addition of surfactants that can 
stabilize emulsions consisting of small size droplets of the dispersed (minor) phase in the 
continuous (major) one. A problem of this approach is that the emulsions need to be broken at 
the end of the catalyzed transformation for separation.  
The simplest way to improve contact between the aqueous phase and the substrate is 
to increase the mechanical dispersion through an increase of stirring speed. Stronger 
turbulence led to slightly higher conversions for the biphasic hydroformylation of 1-hexene 
under standard conditions (17% instead of 12% in the case of a continuous stirred reactor).[64] 
However, the conversion gain was minimal in comparision with the infrastructure investment. 
The use of ultrasound (optionally with stirring) is another way to increase the liquid-liquid 
interface area.[91] In this case, the conversion was only doubled and the overall product yield 
remained low.  
In the biphasic aqueous CDs-assisted catalytic reactions,[82,83,90] while a mechanism 
of inverse phase transfer catalysis is proposed for partially water-soluble substrates such as 
polar styrene derivatives. Highly hydrophobic substrates such as higher α-olefins are believed 
to react by an interfacial catalysis mechanism (Scheme I. 5). More recently, Monflier et al. 
have developed amphiphilic phosphanes combined with chemically modified β-CD for the 
Rh-catalysed hydroformylation of 1-decene. The catalytic performance was improved with no 
significant loss in either chemoselectivity or regioselectivity and easy recovery of both the 
aqueous and organic phases.[92] The same authors have also developped supramolecular 
hydrogels elaborated from a mixture of native α-CD/PEG in water for higher olefins Rh-
catalyzed hydroformylation. In this contribution, the high catalytic activity was shown to 
result from the formation of pickering emulsions.[93] 
I.4.4.2.2 Thermoregulated biphasic catalysis  
A second approach consists of transferring the catalyst reversibly to the 
substrate/product phase. This is accomplished by anchoring the homogeneous catalyst onto 
thermomorphic polymers which are completely water soluble at room temperature but 
become lipophilic and migrate toward the organic phase at the higher temperatures used for 
the catalytic reaction.[94–98] These are typically polyethers (e.g. PEG) or poly(secondary 
amides) such as poly(N-isopropylacrylamide) (PNIPAM) and poly(vinylcaprolactame) 
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(PVCL) that insure their water solubility at room temperature through O∙∙∙H-O interactions 
between the polymer proton acceptor functions (lone pairs on the ether or carbonyl O 
functions) and the water protons, and also through O∙∙∙H-N interactions between the water O 
functions and the polymer secondary amide functions for the polyamides. The unfavorable 
entropic component introduced by heating, combined with the weak enthalpic contribution of 
the H-bonds, switches the sign of the Gibbs free energy of dissolution at high temperatures. 
Hence, when applied to a biphasic catalytic process, the catalyst migrates to the substrate 
phase at the reaction temperature and operates as a classical homogeneous catalyst in the 
organic phase. Then, when the solution is cooled back to room temperature at the end of the 
reaction, the catalyst migrates more or less completely back to the aqueous phase. In this case, 
the key problem is to insure the total migration of the catalyst back to the aqueous phase in 
order to avoid significant catalyst losses at the separation stage. 
Jin et al. have used phosphine ligands grafted on polyethylene glycol (PEG) for the 
biphasic hydroformylation of higher olefins (Scheme I. 6).[99–101] Application of this catalyst 
to the hydroformylation of 1-decene using RhCl3 as pre-catalysis gave a high catalytic activity 
with aldehyde yields as high as 95.6% (TOF = 191 h−1 under optimized conditions).[100] 
 
Scheme I. 6  Shematical illustration of thermoregulated biphasic catalysis. 
 
I.4.4.2.3 Micellar catalysis 
The third and final approach is micellar catalysis.[102–104] In the most intensively 
investigated aqueous biphasic protocol, the catalyst is anchored to the hydrophobic part of 
surfactants that self-organize as micellar nanoreactors when their concentration is greater than 
the critical micelle concentration (CMC). Under this approach, the reaction occurs in the 
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hydrophobic core of the micelles, which are themselves confined in water. Mass transport is 
not rate limiting and a variety of easily synthesized surfactants are available, making this 
approach elegant. In particular, use of amphiphilic block copolymers that self-assemble into 
micelles in water yields objects that are not only kinetically more stable than surfactant-based 
micelles, but also provide wider choice of micellar supports for the catalyst in terms of 
chemical nature of the hydrophobic and hydrophilic environment and size tunability.[105] 
However, two major limitations are the formation of stable emulsions by excessive swelling 
of the micellar core and catalyst loss through the Langmuir-Blodget film at the intrerface, 
even for surfactants that have a very low CMC. 
Pawar et al.[106] have reported the preparation of an amphiphilic diblock copolymer 
bearing chelating N,N dipyrid-2-ylamide-based ligands anchored to the hydrophobic block, 
symbolized as poly(M1-b-M2) in Scheme I. 7, and applied this macroligand as catalyst 
support to the aqueous biphasic hydroformylation of 1-octene. The amphiphilic poly(M1-b-
M2) was prepared by ring-opening metathesis polymerization (ROMP) of functionalized 
norbornene monomers using a Mo-based Schrock initiator, and then loaded with 
[RhCl(COD)]2. After dispersion in water, the resulting micelles proved very efficient with a 
TOF0 up to 1200 h−1, only twice smaller than their homogeneous analogue in toluene but 
more selective (i.e. l/b = 1.5 vs. 0.9). Important leaching (around 9 ppm) was observed, 
although the catalyst could be recycled by extracting the products with diethyl ether and 
reused with only a minor change in catalytic activity. 
 
Scheme I. 7 Schematic illustration of synthesis of poly(M1-b-M2) and of the micellar catalyst poly(M1-b-M2)-
Rh. 
 
27 
I.5 Strategies for the synthesis of well-defined nanoreactors 
For the application of micellar catalysis, as mentioned in the previous section, the 
catalyst must be anchored to the hydrophobic part of a surfactant or amphiphilic diblock 
copolymer. Using amphiphilic diblock copolymers presents several practical advantages 
given the facile accessibility of these macromolecular architectures through living 
polymerization and more particularly through controlled radical polymerization. The concept 
of “living” polymers was first introduced by Michael Szwarc in the 1950s.[107] Well-defined 
polymers with targeted molecular weights, uniform size, desired functionalities and various 
architectures have first been prepared using living anionic polymerization techniques and then 
later also by cationic, coordination, and radical polymerization methods. However, ionic 
(including anionic and cationic) and coordination polymerization techniques[108–110] are 
generally not suitable for the (co)polymerization of a wide range of functional vinyl 
monomers, mainly due to the incompatibility of the growing polymer chain ends (anions, 
cations or organometallic species, respectively) with numerous functional groups, excluding 
certain families of monomers. Since the mid-1990s, the field of polymer chemistry has 
witnessed the explosive development of a number of procedures for conducting a 
controlled/“living” radical polymerization (CRP).[110,111] In the past 15 years the CRP methods 
have improved considerably, widening the scope of monomers that can be polymerized via a 
radical mechanism in a controlled way. Like all other living methods, CRP allows to access 
various types of functional polymeric materials with designed architecture while keeping 
controlled molecular weight and low molecular weight distribution (MWD).[112–114]  
Among the various polymer architectures, cross-linked microgels are of high interest. 
A microgel is an intramolecularly cross-linked and discrete macromolecule with the size 
ranging from one nanometer to one micrometer. Their typical properties such as a high 
surface area, the possibility to be fully dispersed in suitable solvents and swollen with other 
solvents, and the low viscosity of the resulting stable dispersions make them very different 
from an insoluble macroscopic gel. Such a network structure provides multiple cavities with 
high loading capacity for various reagents while combining the benefits of the high activity of 
soluble (non-cross-linked) polymer-supported catalysts and the easy product recovery with 
the low leaching of the insoluble gel-supported catalysts. Focused on these features, the use of 
microgels for various applications such as nanoreactors for catalysis, nanocapsules 
(nanocarriers) for drug delivery, and imaging agents is gaining momentum.[115–121] In the 
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following sections, we will give an overview on the recent advances in polymer-based 
microgels commonly used for catalysis and their synthetic methods. The examples of 
nanoreactors used in catalysis will be discussed in the last section. 
I.5.1 Overview of polymer-based microgels 
Various types of microgels have been designed, depending on the intended uses and 
objectives. Almost all microgels used for catalysis feature chemical cross-linking the purpose 
of which is to improve the structural stability of the nanoreactor. Their structures can be 
topologically classified as follows: (i) totally cross-linked microgels, (ii) shell cross-linked 
microgels with a non-cross-linked core, (iii) core cross-linked microgels with a non-cross-
linked shell (e. g. microgel-core star polymers or core cross-linked micelles) as illustrated in 
Figure I. 3. 
 
Figure I. 3  Design of polymer microgels.  
The cross-linking in microgels can be of either physical or chemical nature. The 
former results from the self-assembly of copolymers via noncovalent interactions 
(hydrophobic, ionic, hydrogen bonding, and so on).[118] The latter involves direct chain 
polymerization of regular monomers and divinyl monomers[122] or post-cross-linking of self-
assembled objects (e. g. amphiphilic copolymer micelles).[123] 
I.5.2 Synthetic methods for totally cross-linked microgels 
Microgels with fully cross-linked structures have been synthesized by heterogeneous 
free radical polymerization (FRP) in poor solvents (precipitation polymerization), or in water 
(emulsion polymerization) or by homogeneous free radical polymerization under diluted 
conditions (solution polymerization, [monomer]: <5 wt%).[124,125] The size range and the size 
distribution of the microgel products depend on the synthetic method. Their dimensions vary 
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from tens of nanometers to hundreds of microns. Depending on the synthetic procedures and 
on the dispersion medium used, these particles vary significantly in terms of size, composition, 
surface functionality and morphology. They are broadly used in traditional industries as 
coating, adhesives, rubbers, and in emerging new markets, including for medical and 
biological detection and as optical imaging probes.[126] 
The synthesis with heterogeneous techniques generally tends to give larger microgels 
with narrower size distribution than the homogeneous counterpart, since discrete globular 
particles are formed in situ under vigorously stirred conditions to directly provide templates 
for the control of size and morphology. Typically, precipitation polymerization of 
divinylbenzene (DVB) using azoisobutyronitrile (AIBN) in acetonitrile or 2-butanone[127,128] 
led to well-defined globular DVB (styrene-based) microgels with a large micrometer size 
(∼2–5 μm). It should be noted the importance of selecting the suitable poor solvents and the 
volume ratio of monomer and solvents for morphology control.[128] Since the development of 
several different CRP techniques, tremendous effort has been devoted to understanding the 
fundamentals required for their application to dispersed media. Compared to the conventional 
FRP of cross-linkers in heterogeneous media, the CRP of cross-linker produces cross-linked 
microparticles with a more controlled structure and preserved chain-end initiating sites. The 
latter feature enables further chain extension by polymerization of another monomer using the 
already obtained microgels as macroinitiators.  
The homogeneous synthesis is applicable to various monomers such as methacrylate, 
styrene and acrylamide to give fully soluble microgels with relatively small size. Spanka et al. 
have investigated the effect of monomer concentration, solvent type, reaction time, cross-
linker type, and concentrations used in the production of microgels (Scheme I. 8).[124] Diluted 
conditions are critical to prevent macroscopic gelation and to yield a fully soluble microgel 
with small size (<100 nm) particles.  
 
Scheme I. 8  Schematic illustration of production of microgels in diluted solution. 
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I.5.3 Synthetic methods for shell cross-linked microgels 
Shell cross-linked microgels can be obtained from the selective cross-linking of the 
shell layer of micelles[129,130] or by seed emulsion polymerization in water.[131–133] As an 
example of the former method, O’Reilly et al. have described the synthesis of amphiphilic 
diblock copolymers containing poly(acrylic acid) (from the hydrolysis of poly(tert-butyl 
acrylate)) as the hydrophilic block and a terpyridine-functionalized PS hydrophobic block 
using nitroxide mediated polymerization (NMP). The hydrophobic block was generated by 
the statistical copolymerization of a terpy-functionalized styrene monomer and regular styrene 
(Scheme I. 9). This amphiphile was then selectively assembled into spherical micelles by 
dispersion in water and cross-linked by condensation of a portion of the carboxylic acid 
functions on the shell layer with a diamine to afford well-defined robust nanoparticles 
(Scheme I. 9). After loading with a copper complex which coordinates to the terpy ligands in 
the nanoparticle core, these objects were further applied to the Cu-catalyzed Huisgen alkyne-
azide cycloaddition under homogeneous conditions (mixed DFM/H2O solvent), but no 
mention is made in the article about any catalyst recovery and recycling.[130] 
 
Scheme I. 9  Schematic illustration of synthesis of shell cross-linked nanoparticles. 
One of the most common examples of the seed emulsion polymerization strategy is 
effective for the core-shell particles composed of a PS core and a shell of thermosensitive 
cross-linked PNIPAM in two steps. First, PS nanoparticles with a controlled diameter of 
about 100 nm containing a small amount of PNIPAM are made by a conventional emulsion 
polymerization in the presence of a surfactant (typically sodium dodecyl sulfate) and a water-
soluble radical initiator (potassium peroxodisulfate).[134] Then, seeded emulsion 
polymerization for the core-shell system using NIPAM with a small amount of a cross-linker 
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(N,N’-methylenebis acrylamide or BIS) using a NIPAM to BIS ratio of 95/ 5 was carried out 
to yield the solid structure (network on the shell surface). Since the polymerization is carried 
out at 80 °C, far above the PNIPAM cloud point (34°C), the shell network forms under poor 
solvent conditions. The resulting particles have been combined with metal nanoparticles to 
perform catalyzed transformation under a thermoresponsive biphasic approach.[135] 
I.5.4 Synthetic methods for core cross-linked microgels 
Core cross-linked microgels can be synthesized, using living polymerization 
techniques, by either a divergent approach using a multifunctional initiator of by a convergent 
approach. In the latter case, the cross-linking process can either involve soluble linear 
polymer macroinitiators (arms)[120,136,137] or self-assembled micelles with the initiating 
function located at the chain end of the core segment.[123] The resulting products are named as 
either microgel-core star polymers or as core cross-linked micelles.  
I.5.4.1 Core–cross-linked microgels via the divergent approach 
This strategy is also called “core-first”, since the multifunctional core must be 
constructed first and then used to grow the arms by a living/controlled polymerization 
strategy. This was the first employed method for the synthesis of star polymers after the 
development of various CRP techniques.[138–142] The star core could be an atom, a small 
molecule, or a multifunctional macromolecule. Two main advantages of this method should 
be mentioned. The first one is that the number of arms per star polymer is perfectly controlled 
and determined by the number of initiating functionalities on the multifunctional initiator, 
provided the initiation efficiency is quantitative. The second advantage is that the initiating 
site is preserved at the outer end of the chain and can be further used for chain extension with 
a second monomer to form star-block copolymers.[143] The very early examples of the 
application of this strategy exclusively employed multifunctional small molecules as initiators 
for the synthesis of well-defined star polymers with the less than 10 arms per macromolecule. 
Subsequently, methods were developed for star synthesis using multifunctional polymers as 
initiators, which included dendrimers,[144,145] hyperbranched polymers,[146,147] and inorganic 
nanoparticles.[148,149]  
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Since our interest is to develop particles suitable for application to aqueous biphasic 
catalysis by a micellar approach, the application of this method would require the 
development of amphiphilic star-block copolymers with a hydrophobic inner core and a 
hydrophilic outer shell. In such a synthesis, the solvent ajustment for amphiphilic arms 
preparation is often problematic. A suitable technique was presented by Heise et al. in the 
case of simple amphiphilic copolymer micelles:[150] from a hydrophobic P(tBA)-b-PMMA 
copolymer prepared by ATRP, the selective deprotection of the ester functions of the 
poly(tert-butyl acrylate) block yielded a starlike structure with a water-soluble P(AA) outer 
block. The same procedure was later used successfully by Kowalczuk et al.[151] and by Klok 
et al.[152] for the preparation of amphiphilic star-block copolymers with P(M)AA water-
soluble outer shells. 
I.5.4.2 Core–cross-linked microgels via the convergent method  
The convergent method, also called “arm-first”, involves coupling of chain-end-
functionalized linear polymers with multifunctional coupling agent (MCA). Depending on the 
number of functional groups and the shape of the MCA, this strategy has been widely used in 
anionic polymerization procedures for the synthesis of well-defined star and miktoarm star 
copolymers with various arm compositions and arm numbers, up to 128.[153] The “arm-first” 
method was first developed by living anionic polymerization[154,155] and then extended to 
different CRP methods. However, the application of the convergent method for the synthesis 
of star polymers by CRP is not straightforward. The main encountered problem is a non-
selective and slow coupling reaction between the polymer radicals and the MCA.[137] Another 
way to cross-link linear polymers is to use their active chain-end as macroinitiator for the 
polymerization of a difunctional monomer, which will then generate a microgel core. Besides 
problems of macrogelation, which can be somewhat controlled by operating in dilute 
solutions, two main disadvantages of this method are the incomplete incorporation of the 
linear arms, therefore leaving unreacted linear polymers together with the desired cross-linked 
particles product, and the lack of control of the number of arms in each cross-linked 
particle.[137] We shall provide here the highlights of the convergent synthesis of star polymers 
using various CRP methods.  
By ATRP. Using this method, the convergent synthesis of star polymers was 
achieved by cross-linking reactive linear chains using a divinyl cross-linker. The reactive arm 
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precursor can be either a linear macroinitiator (MI) or a macromonomer (MM), see Scheme I. 
10. With linear MI, both the initiating sites and the arms of the star molecule originate from 
the MI. This provides a relatively high radical concentration which results in a high amount of 
star-star termination. The situation is different for stars prepared by the copolymerization of 
linear MM and divinyl cross-linker using a low molar mass initiator. In this case, the 
incorporated initiating sites and arms are derived from the initiator and the MM, respectively. 
A low molar ratio of initiator to MM causes a reduction in the number of initiating sites in the 
star core, which effectively limits the extent of star-star coupling reactions and results in the 
formation of star polymers with lower polydispersity.[137,156] Gao and coworkers have reported 
the synthesis of star polymers via copolymerization of a linear MM with a divinyl compound 
using ethyl 2-bromopropionate as low molar mass ATRP initiator to yield uniform star 
polymers based on poly(butyl-acrylate) with high molecular weight and narrow polydispersity 
(Mw/Mn = 1.15).[156] 
 
Scheme I. 10  Comparison of star synthesis by the MI and MM methods. Reproduced with permission from ref 
[156]. Copyright 2011 American Chemical Society. 
By NMP. The nitroxide mediated polymerization methodology[157–159] has also been 
applied to the synthesis of star polymers with a cross-linked core by the “arm-first” approach. 
Solomon and coworkers[160] first reported the synthesis of poly(4-tert-butylstyrene) star 
polymers by employing tetramethyl piperidyl-N-oxyl (TEMPO) as the persistent stable 
radical to mediate the NMP of 4-tert-butylstyrene and subsequent cross-linking using DVB as 
cross-linker to afford a high molecular weight soluble polymer. In the early stages of NMP, 
linear PS was the most frequently used MI for the generation of star polymers due to the lack 
of powerful nitroxide mediating radicals for the polymerization of acrylate and methacrylate 
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monomers. However, with the development of more active second-generation α-hydrido-
based alkoxyamines, Hawker expanded the utility of NMP for the synthesis of star polymers 
with the development of a variety of arm compositions by using different monomers, 
including St, acrylates, vinyl pyridine, and methacrylates.[161,162] Furthermore, combinatorial 
techniques were used for high throughput star synthesis and for the screening of the key 
experimental parameters to optimize control over star structures. Functional groups could be 
introduced on the star periphery and along the arms by using functionalized alkoxyamines and 
functional monomers, respectively. 
By RAFT. Compared to the broad application of ATRP and NMP for the synthesis 
of functional star polymers using the “arm-first” method, only limited success has been 
obtained with solution RAFT polymerizations in 2000s. Moad et al. have first produced core-
cross-linked star polymers by (co)polymerization of an appropriate diene monomer (e.g. 
divinylbenzene) in the presence of a polymer formed by RAFT polymerization.[163] Two years 
later, Zheng and Pan[164] reported the synthesis of PS star polymers containing a cross-linked 
PDVB nodule by using benzyl dithiobenzoate as RAFT agent. The use of a comonomer 
during the core formation process and the appropriate selection of the solvent could favor 
micelle formation during the cross-linking of the linear MIs, which improved both star 
formation and star yield.[165,166] 
I.5.4.3 Development of amphiphilic core–shell particles by Polymerization-
Induced Self-Assempbly (PISA) in dispersed media 
As mentioned above, the convergents method for the synthesis of star polymers by 
CRP present problems related to the slow coupling reactions when using multifunctional 
coupling agents and macrogelation when using the difunctional monomer approach in 
homogeneous solution. The latter obstacle, however, can be limited by chain extending 
preformed micelles because each micelle becomes in principle an independent nanoreactor. 
Recently, a direct one-pot procedure called Polymerization-Induced Self-Assembly (PISA) 
has been introduced for the development of amphiphilic core-shell particles.[167] 
This is still a young field of research but holds much promise for exciting future 
developments. It consists of the convergent synthesis of micelles by two-step synthesis by a 
suitable CPR technique directly in water. The first step consists of the controlled 
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polymerization of a hydrophilic monomer and thus takes place in a homogeneous 
environment, yileding water soluble polymers that are functionalized with the controlling 
function at the chain end. These are then used as MIs for the polymerization, directly in water, 
of the hydrophobic monomer. Since the second monomer is not miscible with water, this step 
is initially heterogenous. The chain extension is believed to initially occur in the bulk water 
phase (rather than at the interface between the continuous aqueous phase and the hydrophobic 
monomer droplets) and is therefore quite slow, limited by the small water solubility of the 
hydrophobic monomer. After the chains have been sufficiently extended, however, the 
resulting diblock copolymers are able to self-assemble to generate micelles. At this point, 
since the monomer is soluble in the micellar core where the reactive functions are located, the 
polymerization becomes fast and chain extension continues inside the micellar core until all 
hydrophobic monomer is consumed, see Scheme I. 11. Thus, the second step presents an 
induction time until the polymerization-induced self-assembly occurs. By this method, stable 
micellar dispersions (latexes) that are very rich in polymer (as much as 30% in weight of 
polymer)[20] can be obtained directly, whereas the generation of comparable particles by 
dispersion of diblock copolymers that are previously made in compatibilizing solvents, 
followed by drying and dispersion in water, is limited to much lower polymer contents. 
 
Scheme I. 11 An overview of the PISA process. Reproduced with permission from Chaduc et al.[168]. Copyright 
2011 Wiley-VCH. 
Several of the available CRP techniques have been applied to the synthesis of latexes 
constituted by amphiphilic block copolymer micelles under PISA conditions, and most 
notably ATRP, NMP and RAFT.[20] Although the ATRP technique has been widely used in 
the solution polymerization, its application of emulsifier-free polymerization to the synthesis 
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of amphiphilic structures in dispersed media has not been extensive and limited to the use of 
PEO-based macroinitiators.[169–171] 
NMP was also used to produce core shell particle of submicrometer size. Charleux’s 
team have thoroughly studied the use of water-soluble molecular alkoxyamines based on SG1 
(Scheme I. 12) in both NMP miniemulsion and emulsion polymerizations under suitable 
conditions to afford well-defined SG1-capped polyAA, which was used to initiate the 
polymerization of styrene or n-Butyl acrylate (nBA) in basic water at 120ºC and 3 bar 
pressure.[172] 
 
Scheme I. 12  Structure of the nitroxide SG1and examples of trithiocarbonate RAFT agents used in emulsion 
polymerization. 
However, the most well-investigated technique for the direct synthesis of polymer 
latexes is the RAFT technique, which has been extensively used to produce submicrometric 
latex particles with well-defined morphologies in aqueous dispersed systems at low 
polymerization temperatures.[20,125] Hawkett et al.[173,174] have pioneered the field of 
polymerization-induced self-assembly by using RAFT in emulsion, obtaining well-controlled 
and very small size PAA-b-PnBA block copolymer particles. Following a similar strategy, 
Božović-Vukić et al.[175] have used RAFT end-functionalized low molar mass poly(4-
vinylpyridine) (P4VP) chains (800 g mol−1) as macroRAFT (generated using TTC1 in 
Scheme I. 12) to mediate styrene and acrylonitrile under semi-continuous emulsion 
copolymerization conditions at low pH (4 < pH < 5), under which conditions P4VP is 
protonated and hence soluble in water. Good control over the molar mass of the hydrophobic 
block was obtained and particles exclusively composed of block copolymer chains were 
formed.  
From a self-assembly point of view, these were the early examples that considered 
the formation of spherical particles under nonconventional conditions (high concentration of 
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block copolymers, high final solids contents, water as the only solvent). More recent studies 
have extended the use of hydrophilic macroRAFT agents with higher molar masses in the 
presence of monomer droplets. Rieger et al.[176] showed that PEO-based macroRAFT agent 
(Mn = 2000 g mol−1) carrying a trithiocarbonate reactive group could be used to control the 
polymerization of styrene or nBA in an ab-initio batch emulsion polymerization with solids 
content as high as 24 wt %. Ji et al.[177] have performed batch emulsion polymerization of 
styrene using water soluble polyacrylamide (PAAm) with Mn = 3800 g mol−1. A preliminary 
sonication step was needed to disperse the hydrophobic monomer into small droplets. A latex 
of PAAm-b-PS diblock copolymer micelles was formed, constituted by small and 
monodisperse core−shell particles (D < 58 nm). In all these studies, however, the two steps of 
the polymer synthesis were carried out separately, with isolation and characterization of the 
macroRAFT agent followed by its redissolution in water for use in the second step.  
Following the seminal work of Hawkett et al.[173], a more straightforward one-pot, 
two-steps strategy was devolopped in the Charleux[168,178–182] and Armes groups.[21,183–185] 
Chaduc et al. and Zhang et al. haved employed the one-pot procedure in which 
homopolymerizations of AA[168] and MAA,[179,186] and the copolymerization of methacrylic 
acid (MAA) with poly(ethylene oxyde) methyl ether methacrylate (PEOMA) (19 ethylene 
oxide units)[168,186] are first formed with complete conversion in water by using TTC2 as the 
RAFT agent (Scheme I. 12). In the same reactor, styrene was added and the batch emulsion 
polymerization was further successfully conducted in the presence of the formed macroRAFT 
agents without any purification. The PISA process was shown as an efficient tool for 
producing amphiphilic block copolymers in a simpler way than the strategies employing 
organic solvents or any other solution polymerization.  
With a special focus on core-cross-linked particles, Qiu et al. saw the potential of 
polymerization-induced self-assembly in star polymers design.[187] They copolymerized nBA 
and triethylene glycol diacrylate in a batch emulsion polymerization in the presence of water 
soluble preformed trithiocarbonate-based macroRAFT agents including PDMAAm (Mn = 
5000 g mol−1), PPEOMA (Mn = 11 000 g mol−1), or poly(2-methoxyethyl acrylate-co-PEO 
methyl ether acrylate) (P(MEA-co-PEOA), Mn = 14 000 g mol−1). Since they aimed at 
introducing a very short hydrophobic block, the system led to very small particles (d = 11−22 
nm) with a cross-linked core. These were the only core-cross-linked micelles generated by 
PISA before the synthesis of the TPP@CCM particles that have been developed within the 
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ANR BIPHASNANOCAT project that has funded this thesis (see Chapter II). Furthermore, 
the particles developed by Qiu et al. were not ligand functionalized and were not used as 
catalytic nanoreactors. 
I.5.4.4 Application of cross linked microgels as unimolecular catalytic 
containers 
The concept of catalysis within nanoreactors, particularly when the catalyst support 
has a well-defined structure, morphology and functionality, is relatively new.[105] Micellar 
catalysis is an early example of this approach but more elaborate nanoreactors are now 
accessible through living polymerization methods, particularly by CRP. In section I.5.3, one 
catalytic application of a shell-cross-linked nanoreactor (Scheme I. 9) has already been 
highlighted. In this section, we highlight the other recent relevant contributions on the use of 
unimolecular microgels as catalytic nanoreactors. Metal catalysts are normally introduced into 
polymers supports via the following steps: (1) post introduction of metals into ligand-bearing 
polymers and (2) direct polymerization of metal-bearing monomers. The former method 
sometimes suffers from the low efficiency of post metal incorporation because of the steric 
hindrance by the polymer backbone around the ligands, but it is preferred in terms of 
polymerization facility and broader adaptability of the same polymer support to various 
metals. 
Weck et al. have developed amphiphilic A-B-C triblock polymer, inspired by the 
work of Weberskirch et al. who reported the synthesis and activity of Co(III)-salen micellar 
catalysts.[188] Concretely, the linear A-B-C triblock copolymers were synthesized via 
microwave-irradiated cationic living polymerization[189] using methyl triflate as initiator, and  
consist of a poly(methyl 2-oxazoline) as hydrophilic A block, a photo-cross-linkable B layer 
decorated with cinnamate side chains and a C block functionalized with an enantiomerically 
pure salen ligand. After micellization and photo-cross-linking of the B shell (via UV-activated 
[2 + 2] cycloaddition) followed by metallation of the C core with CoIII (Scheme I. 13), the 
resulting unimolecular polymer particles were applied as catalytic nanoreactors to the 
hydrolytic kinetic resolution (HKR) of epoxides in water and especially for the HKR of 1-
hexene oxide. They were successfully recycled eight times by passing the reaction solution 
through an ultrafiltration membrane.[129] For all of these HKR cycles, the catalyst maintained 
the high catalytic efficiency by completing the HKR in 11-12 h, except that for the last two 
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cycles, the addition of acetic acid was necessary to regenerate the active form of the CoIII-
salen catalyst. Cobalt leaching was also investigated by ICP-MS analyses of the filtrates for 
the fourth and seventh cycles, yielding a Co content below the analytical detection limit (<1 
ppm). 
Importantly, a slightly lower catalytic activity was observed when these objects were 
compared to the analogous non-cross-linked objects (micelles). The authors attributed this 
lower performance to a less permeable shell in the cross-linked particles. In principle, mass 
transport should be less affected, or not at all, if cross-linking would be carried out instead at 
the hydrophobic end of the surfactant or amphiphilic polymer. 
 
Scheme I. 13  Schematic representation of the synthesis of poly(2-oxazoline) cross-linked microgels with 
Co(III)-salen-functionalized cores. Reproduced with permission from ref[129]. Copyright 2011 American 
Chemical Society.  
The closest related example to the particles that have been developed within this 
thesis work is a phosphine-functionalized core-cross-linked polymer developed by Sawamoto 
et al. Focusing on ruthenium-catalyzed ATRP, the author’s group has developed a one-pot 
metal encapsulating microgel via a convergent synthetic strategy, starting with the 
RuCl2(PPh3)3-catalyzed polymerization of methyl methacrylate (MMA) with a chloride 
initiator and subsequent cross-linking with ethylene glycol dimethacrylate (EGDMA) in the 
presence of 4-diphenylphosphinostyrene (DPPS) ([RCl]0 / [EGDMA]0 / [DPPS]0 / 
[RuCl2(PPh3)3]0 = 1/10/5/1).[190] The simultaneous addition of these two monomers induced 
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the linking reaction of the arm chains to generate a phosphine-functionalized microgel core 
where RuII centers remained entrapped because of ligand exchange between the 
triphenylphoshine ligands of the ATRP catalyst and the pendent phosphine ligands in the core 
network (see Scheme I. 14). Various star polymers with different linking agents and 
phosphine ligand concentrations were achieved and it was shown that the amount of core-
bound RuII increases with increasing phosphine ligand monomer concentration. These metal-
bearing microgels were used to the homogeneously catalyzed oxidation of 1-phenylethanol. In 
spite of the low catalytic charge ([S]0/[Ru(II)]0 = 1000/1), they showed greater catalytic 
activity (over 90% conversion in 8 h, TOF = 110 h-1) than the analogous catalysts supported 
by linear random polymers (52% yield in 8 h) or by an insoluble polystyrene gel (64% yield 
in 8 h). The catalyst could be recycled after solvent evaporation and washings to remove the 
product. No loss of activity was witnessed over three recycles even though the recovery 
operations were conducted in air.[191] 
 
Scheme I. 14  One-pot encapsulation of ruthenium catalysts into microgel-core star polymers (RuCl2-Star) via 
[RuCl2(PPh3)3]-catalyzed atom transfer radical polymerization. Reproduced with permission from ref.[192]  
Additional work by the same group led to the successful synthesis of an amphiphilic 
and thermosensitive RuII-bearing star polymers.[193] In this new structure, the arms stem from 
a block copolymer of poly(ethylene glycol) methyl ether methacrylate (PEGMA, Mn = 475 g 
mol-1; average of 8.5 oxyethylene units) with a small amount of MMA, followed by the same 
strategy as in the previous work, copolymerizing DPPS and the linking agent to generate a 
RuII-bearing microgel core. It should be noted that even such a bulky monomer with a 
polymeric side chain allowed the star polymer formation, with high star yield (∼90%) and 
narrow polydispersity (Đ ∼1.4). This new catalytic nanoreactor (named Ru-PEG-Star) gave 
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access to Ru-catalyzed transfer hydrogenation of 2-octanone under a thermomorphic 
approach.[192,194] In this context, Ru-PEG-Star was homogeneously soluble in 2-propanol 
(hydrogen source)/H2O (1/1, v/v) at room temperature (aqueous phase) while 2-octanone and 
the hydrogenation product 2-octanol were located in a separate organic layer, see Figure I. 4. 
The reduction was efficient (73% yield in 24 h, [2-octanone]0/[Ru]0 = 1000/1) under reflux 
condition. Catalyst recycle and product recovery was successful through the thermoregulated 
phase transfer by the simple removal of the upper organic layer (2-octanol product and 
acetone; Figure I. 4C), followed by addition of a fresh feed of substrate and 2-propanol 
(Figure I. 4D). 
 
Figure I. 4  Thermoregulated phase-transfer catalysis in the 2-octanone transfer hydrogenation with isopropanol 
catalyzed by Ru-PEG-Star. Adapted from Sawamoto et al. Reproduced with permission from ref. [192,194] 
Copyright Wiley-VCH.  
It was possible to subsequently remove the ruthenium complex in RuCl2-Star to 
obtain the metal-free microgel (PPh3-star) and then introduce new metals (Metal-Star, Scheme 
I. 15).[195] The core was first treated with K2CO3/2-propanol in order to remove the terminal 
chlorine functions by RuII-catalyzed hydrogenation,[184] then the removal of the core-bound 
RuII was achieved by adding a large excess of P(CH2OH)3, followed by the precipitation of 
PPh3-star by addition of a poor solvent (methanol). Various metal complexes including 
FeX2(PPh3)2, NiX2(PPh3)2, and RuCl2(PPh3)3 (X = Cl, Br) could then be coordinated to the 
microgel core, opening new possibilities for other catalytic applications. 
42 
 
Scheme I. 15  Catalyst interchange in microgel-core star polymers. Reproduced with permission from ref [192]. 
These microgel-supported catalysts have demonstrated high stability and facile 
catalyst recovery and recycle. This feature is compatible with high activity and selectivity, in 
sharp contrast with conventional insoluble gel-supported catalysts. However, the studies 
published so far are still quite limited and cover only an infinitesimal part of the possible 
variations that are available in terms of nanoreactor chemical composition (nature of the 
hydrophilic and hydrophobic monomers) and size, nature of the anchored ligand, type of 
catalytic metal, and polymer architecture (e.g. number of blocks, relative size of each 
compartment, location and extent of the cross-linked part, cross-linking density, etc.). As 
mentioned above, certain microgels have shown reduced activity because the catalytic sites 
are located inside the cross-linked part (Scheme I. 13) whereas others do not appear to suffer 
from this limitation (Scheme I. 14). A microgel architecture containing the catalytic sites on 
flexible arms, outside of the cross-linked core area, was not yet available at the outset of this 
thesis. None of the previously published contributions have demonstrated the action of 
catalytic nanoreactors according to the micellar catalysis principle under biphasic condition. 
The catalytic nanoreactors have been recovered and recycled through either precipitation, 
membrane separation, or decantation in one case but only through the thermomorphic 
approach. Furthermore, the quantitative measurement of metal leaching to the organic product 
phase has not been systematically carried out. Finally, the catalytic applications of the 
polymeric nanoreactors have not provided much information on the coordination process of 
the catalytic metal to the polymer, on the chemical nature of the resulting polymer-supported 
(pre)catalyst, and on the possibility for the metal to escape the nanoreactor support.  
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I.6 Aim and scope of this thesis  
As shown in the previous section, metal-bearing microgels offer advantages in terms 
of product recovery and catalyst recycle while they are fully compatible with high activities 
and selectivities. However, the applications so far reported of these nanoreactors is still far 
from reaching their full potential. This thesis aims at establishing a new principle in aqueous 
biphasic catalysis, striving to achieve zero catalyst leaching and full catalyst recycling by 
using specially engineered polymeric nanoreactors that function like amphiphilic block-
copolymer micelles but do not suffer from the problems of micelles by turning the self-
organized micellar architecture into a unimolecular core-shell nano-object by cross-linking all 
linear arms at the core. These objects will be referred to as core-cross-linked micelles (CCM) 
within this thesis. These CCM must be functionalized with appropriate ligands within the 
hydrophobic core in order to coordinate the metal pre-catalyst. They are intended for 
application under the micellar catalysis approach, which is unprecedented for unimolecular 
polymeric nanoreactors.  
Compared to the closest related example to our desired particle developed by 
Sawamoto et al.,[190,193,197] in which the anchoring sites for the catalyst are located inside a 
cross-linked network rather than on flexible arms, our target nanoreactors present two main 
differences: (i) the hydrophilic shell is designed to limit or completely avoid transfer of the 
nano-objects to the organic phase at the operational temperature of the catalytic application 
and, (ii) since we wished to develop nanoreactors for potential general use with any catalytic 
metal, we have selected a methodology giving direct access to a metal-free polymer. 
The first goal is thus to develop the ligand bearing CCM dispersed in water, in 
collaboration with the C2P2 team headed by Bernadette Charleux and Franck D’Agosto at the 
CPE Lyon, by using their one-pot PISA procedure based on RAFT-mediated emulsion 
polymerization. These nano-objects should function as catalyst carriers for micellar catalysis. 
However, the disadvantages of micellar catalysis including physical loss and the formation of 
stable emulsion are expected to be removed.  
The second goal of this thesis is a thorough study of the pre-catalyst coordination to 
the polymeric nanoreactors and on the stability of the resulting metal-loaded nanoreactors. 
Indeed, the previously published contributions on the catalytic applications of polymeric 
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nanoreactors have not provided much details on the coordination process of the catalytic 
metal to the polymer and on questions such as the stability of the metal-ligand bond and on 
the possibility for the metal to escape the nanoreactor support. These studies, which include 
an investigation of intraparticle and interparticle ligand exchange and metal migration 
processes, represent an innovative approach to the investigation of catalytic nanoreactors.  
Finally, this new tool will be applied to a representative catalytic transformation in 
order to provide the first proof of principle. This reaction is the Rh-catalyzed 
hydroformylation reaction of 1-octene as a model of higher olefins. This part has been 
realized in collaboration with the group headed by Prof. Henri Delmas and Dr. Carine Julcour 
at the LGC Toulouse. The mass transfer limitations and the polymer ageing under catalytic 
conditions, particularly resulting from the particle interpenetration and cross-linking ageing 
related to metal coordination phenomena, will be studied in detail to better understand the 
catalytic activity and the metal leaching. 
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Chapter II Synthesis, characterization and physico-
chemical studies of polymers 
 
II.1 Introduction 
Previous work in our group, mostly carried out within the Ph.D. thesis of Andrés F. 
Cardozo has made excellent progress by use of the ATRP technique for polymerization. First, 
it was established that the statistical copolymerization of styrene and the commercially 
available DPPS can successfully be accomplished by Cu-catalyzed ATRP to generate Br-
terminated linear polymers (Scheme II. 1, arm-fist).[1] Use of these polymers as MIs for a 
convergent synthesis of star polymers in the presence of cross-linking monomers, however, 
was only partially successful with low cross-linking yields. 
 
Scheme II. 1 Schematic illustration of arm-first method and core first method in the previous work 
Subsequently, star polymers (Scheme II. 1 core-first),[2] were successfully 
synthesized by copper-catalyzed ATRP using the core-first method from modified Boltorn® 
H30 (a polyester-type hyperbranched polymer with an average of 32 functional groups, which 
is shown in Scheme II. 2) as MI. The Boltorn® H30-Br MI was obtained as shown in Scheme 
II. 2 by the same procedure already reported in the literature.[3] 
Arm-first method
initiator (X)
hydrophilic
monomer
X
hydrophilic macroinitiator
monomer
ligand-functionalized
monomer
X
cross-linker
X
X
X
X
X
X
Core-first method
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X
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X
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amphiphilic diblock copolymer
macroinitiator
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Scheme II. 2 Representative structure of a Boltorn® H30 molecule and its modification to yield a 
multifunctional ATRP initiator. 
These polymers proved efficient as macroligands for the hydroformylation of 1-
octene under homogeneous condition (toluene solution).[1,2] Subsequent work aiming at 
adding a hydrophilic shell, however, presented complications related to the incompatibility of 
the hydrophilic shell and hydrophobic core in homogeneous media. Thus, we have considered 
RAFT-mediated aqueous emulsion polymerization as an alternative and better strategy to 
yield a metal-free polymer. These synthetic efforts were carried out in collaboration with the 
research group headed by Bernadette Charleux and Franck d’Agosto, which is expert in the 
field,[4–6] at the C2P2 Lyon within the framework of the ANR project BIPHASNANOCAT. 
Recent progress has shown that this methodology allows the formation of polymer particles 
exclusively composed of well-defined amphiphilic block copolymers.[7,8] In the particular 
field of emulsion polymerization, the strategy relies on the use of hydrophilic macromolecular 
Boltorn® H30
=
OH
32
Br Br
O
DMAP, NEt3, THF
O
Br
O
32
Boltorn ® H30 Boltorn ® H30 -Br
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chains carrying a TTC end group as a reactivable extremity which enables their further 
extension by RAFT polymerization in water of a hydrophobic monomer. The formation of 
this insoluble segment leads to the self-assembly of the block copolymers resulting in the 
formation of micellar nanoparticles self-stabilized by their hydrophilic block.[4–7,9–16] A wide 
range of morphologies (spheres, nanofibers, vesicles) can be obtained in higher yield [4–6,10,12] 
compared to the conventional self-assembly of preformed amphiphilic block copolymers.[17] 
Since TPP is the simplest industrially used ligand and since most supported Rh-based 
catalysis are made by anchoring PPh3, the first phosphine-functionalized CCMs have been 
synthesized with a styrene-co-DPPS hydrophobic core (see details in section II.5). Fully core-
cross-linked analogues of the CCMs, architecturally similar to the polymers made by 
Sawamoto et al.[18–23] and that we shall refer to as nanogels (NGs), however, have also been 
developed for comparison.  
Another point of interest was to incorporate additional ligands that can present 
additional advantages for Rh-based hydroformylation catalysis, notably in terms of the 
application to enantioselective branched hydroformylation. The common key factors in 
choosing the most suitable ligand(s) are: (i) robust metal coordination (no chemical leaching); 
(ii) coordination environment favouring catalytic activity and suitable selectivity; (iii) 
possible presence of basic functions for catalyst activation. It is also possible to access CCMs 
with other ligand functionalities in the hydrophobic core for wider applications in catalysis. 
This chapter will begin with developing new ligand monomers bearing a styryl unit 
for copolymerization with styrene, followed by different strategies to synthesize our target 
nanoreactors: (i) core-first method to yield macro RAFT agent for further chain extension; (ii) 
RAFT-mediated one-pot aqueous emulsion polymerization. The RAFT aqueous dispersed 
method for CCM synthesis based on our collaboration with the L2P2 team will be described 
briefly in this chapter, since this synthesis was initially developed by the L2P2 partner. More 
focus will be on the modifications of the polymer architecture including using the new ligand 
monomers, increasing the phosphine density and using a new hydrophilic layer. Then, fully 
characterized CCM and NG latexes will be discussed in the second part. Finally, the 
coordination and biphasic catalyst will be developed in detail in the subsequent chapters.  
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II.2 Synthesis of a racemic ferrocenyl ligand monomer. 
Ferrocenyl phosphine ligands (Scheme II. 3) with a variety of sulfur substituents R, 
abbreviated as (P,SR), have been developed[24] and subsequently used in our group for many 
years.[24–30] Several complexes including rhodium complexes associating chiral (P, SR) and 
diene (COD or NBD) ligands have been synthesized and fully characterized.[27] Additionally, 
iridium complexes with enantiopure (P,SR) ligands were shown to be efficient catalysts for 
the asymmetric hydrogenation of various alkyl aryl ketones with high activities (TOF up to ca. 
250 h-1 and ee up to >99% with conversions up to >99%).[28] 
 
Scheme II. 3  Ferrocenyl phosphine ligands with a variety of sulfur substituents R. 
Thus, we wished to extend this ligand family by developing a member with a styryl-
functionalized unit (R = C6H4-4-OCH2C6H4-4’-CH=CH2) for the purpose of obtaining a 
functionalized monomer for subsequent incorporation into the CCM hydrophobic core by 
copolymerization with styrene. The synthesis was carried out in the racemic version for the 
initial investigations and optimization of the polymerization process.  
The first step consisted of the synthesis of the racemic ferrocenyl alcohol (II.1) 
according to the optimized literature procedure (Scheme II. 4).[31] The first step is an ortho-
lithiation of FcCH2NMe2 followed by an electrophilic trapping with Ph2PCl and then by the 
phosphine protection by sulfuration to yield the thiophosphine-amide with high efficiency. 
This compound was then transformed to an acetate by nucleophilic substitution and finally to 
the racemic alcohol by a saponification step. The phosphine function is protected from 
oxidation by a sulphur atom which allows work in air for the next steps. 
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Scheme II. 4  Synthesis of racemic ligand monomer (PS, SR) 
After successive addition of HBF4 and the corresponding nucleophilic reagents 4-
mercaptophenol, the racemic alcohol was easily transformed to the ferrocenyl derivative (II.2). 
The crude product was purified by flash chromatography on silica gel to yield a yellow solid 
which was characterized by NMR. The final ligand-functionalized (sulfur-protected) 
monomer II.3 (PS,SR) was obtained by an additional nucleophilic substitution of 4-
vinylbenzyl chloride. The relatively low yield of 50% results from the incomplete conversion, 
but the residual reagent II.2 was recovered after the flash chromatography purification and 
recycled to afford a final overall yield of 73% for II.3 from II.2. 
The classical desulfuration of the protected racemic ferrocenyl ligand monomer II.3 
consists of treatment with tris(dimethylamino)phosphine in refluxing toluene under an argon 
atmosphere for 24 h. Since the presence of the styrene moiety may induce the undesired auto-
initiated polymerization as a side reaction during heating, this procedure was modified by 
using room temperature (RT), but unfortunately no desulfurization was achieved at RT even 
after longer reaction time.  
An alternative desulfuration method consists of using raney nickel, the advantage 
being that the reaction can be performed under milder reaction conditions (RT). The complete 
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desulfuration (P=S) of desired ligand II.4 was confirmed by 1H and 31P{1H} NMR analyses in 
CDCl3 (see Figure II. 1). 
The 31P NMR resonance displacement from δ 43 to δ -21.7 (see Figure II. 2B) was a 
convenient probe for the transformation of P=S to free phosphine. The 1H NMR analyses 
indicated the absence of polymerization during the desulfuration process. The only 
uncertainty is the appearance of a broad peak close to the vinyl group in the 1H NMR 
spectrum (ca. δ 5.5, see Figure II. 2A), which is suspected to belong to a Ni complex 
containing the S-C6H4-4-OCH2C6H4-4’-CH=CH2 moiety. This hypothesis is based on the fact 
that many Ni complexes with different types of sulfur are well known and stable. In addition, 
an indirect proof is the missing proton resonance of CH2 (expected at ca. δ 4) next to the S-
C6H4 moiety in 1H NMR analyses of II.4. We did not succeed to eliminate the nickel complex 
by passing the compound through a short silica column. Attempts to further purify this 
product are still in progress. The sulfur-protected racemic ligand monomer II.4 has in the 
meantime been used for the copolymerization (see section II.5.8). 
A) 
 
B) 
 
Figure II. 1  A) 1H NMR spectra of ligand monomer II.4 after defulfuration in CDCl3. B) 31P{1H} NMR spectra 
of the functionalized monomer a) before ((PS, SR) or II. 3) and b) after ((P, SR) or II.4) desulfuration in CDCl3. 
  
a) 
b) 
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II.3 Synthesis of BMOPPS  
This specific ligand-functionalized monomer, 4-[bis(4’-methoxyphenyl)phosphino]-
styrene (BMOPPS), was chosen because of its structural similarity with DPPS and 
consequently of the expected similar polymerization behavior. Its incorporation into a 
polystyrene chain by copolymerization with styrene leads to PS-anchored bis(4’-
methoxyphenyl)phenylphosphine (BMOPPP), related to triphenylphosphine. In addition, the 
p-OMe substitution is known to increase the phosphine binding ability toward Rh.[32] 
Therefore, more robust metal coordination may be expected. 
 
 
 
Scheme II. 5 Procedure used for the synthesis of BMOPPS 
The new ligand-functionalized monomer BMOPPS was prepared from chlorobis(4-
methoxyphenyl)phosphine and 4-bromostyrene following a similar procedure to that reported 
for the synthesis of DPPS (see Scheme II. 5) [33]. The only modification with respect to the 
literature synthesis of DPPS was the purification steps, which is described in detail in the 
experimental section. The spectroscopic properties are entirely as expected, with the 31P{1H} 
NMR resonance (δ -8.93 in CDCl3) only slightly upfield shifted from that of DPPS, the 
protons of the vinyl group yielding a characteristic pattern in the 6.7-5.3 region of the 1H-
NMR spectrum, and the corresponding C nuclei yielding resonances at δ 136.5 and 114.4 in 
the 13C{1H} NMR spectrum, which is shown in full in Figure II. 2. 
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Figure II. 2  13C{1H} spectrum of BMOPPS in CDCl3. The peak assignments are based on a simulation carried 
out with ChemDraw Ultra version 12.   
 
II.4 Preparation of Boltorn® copolymers by RAFT polymerization 
II.4.1 Synthesis of Boltorn® based RAFT agent 
As aforementioned, previous work in our group has led to the development of star 
polymers by ATRP using the core-first method with a modified Boltorn® H30 (Scheme II. 2) 
as macroinitiator (MI). We decided to also develop a divergent RAFT polymerization using 
the same kind of MI. To this end, the bromine chain-ends of the previously developed 
Boltorn® H30-Br reagent (Scheme II. 2) was replaced by dithiobenzoate (DTB) functions to 
give Boltorn® H30-DTB. Relative to the ATRP method, a divergent star polymer synthesis 
by RAFT presents the advantage of leading directly to a metal-free polymer, even though the 
polymers made by ATRP were not significantly contaminated by the copper catalyst. The 
RAFT chain end can be easily removed using known literature methods[34] to avoid any 
undesired complexation in the metal coordination step. It was also of interest to compare the 
star polymer made by the divergent strategy with the CCM polymer independently obtained 
by the convergent PISA method. The particle synthesized from Boltorn® H30 should have a 
smaller size and controlled number of arms per particle. Such difference may lead to different 
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results in hydroformylation, thus providing useful information for the application in biphasic 
catalyst.  
 
Scheme II. 6  Synthesis of the Boltorn® H-30 based RAFT agent, Boltorn® H-30-DTB. 
The synthesis of the Bolton® based RAFT agent started with introducing a bromine 
chain-end by the esterification of 2-bromoisobutyrate with the hyperbranched polyester 
Boltorn® H30 to yield Boltorn® H30-Br MI as decribed in the literature[3]. The reaction was 
carried out in dry THF at room temperature in the presence of 4-(dimethylamino)pyridine 
(DMAP) and triethylamine (NEt3) with increased yield (70.3%) by optimising the 
precipitation steps (see experimental section). The complete disappearance of the -CH2- OH 
multiplet, which is found at δ 3.35-3.60 in the 1H NMR spectrum of the Boltorn®H30 
precursor, in combination with the appearance of a new signal due to the -CH3 groups of the 
isobutyryl moiety at δ 1.89, suggested the complete conversion of the hydroxyl groups.  
The dithiobenzoate moiety was subsequently introduced via nucleophilic substitution 
with dithiobenzoate magnesium chloride in dry THF at 80ºC, following a procedure similar to 
that reported for the synthesis of cellulose-based RAFT agent[35,36], as illustrated in Scheme II. 
6.  
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Figure II. 3  1H-13C-HMQC spectrum in the region of the-CH3 groups of thiocarbonylthio moiety A) before and 
B) after the substitution process with dithiobenzoate magnesium chloride in CDCl3. 
The 13C{1H} NMR and H-C HMQC analyses, before (Figure II. 3A) and after 
(Figure II. 3B) the substitution process, allowed the 1H and 13C NMR resonance assignment 
of the CH3 groups for the Br- and thiocarbonylthio-functionalized isobutyryl moieties in the 
reactant and product, respectively, and an assessment of the extent of the substitution reaction. 
The intensity decrease of the isobutyryl CH3 resonance at δ 1.89 in the 1H NMR spectrum of 
the Boltorn® H30-Br MI, in combination with the appearance of a new signal at δ 1.73 for the 
thiocarbonylthio-functionalized isobutyryl CH3 groups, revealed that the bromide substitution 
is incomplete. Different reaction conditions used in various attempts to optimize the 
substitution process are summarized in Table II. 1. 
The temperature, the initial [PhMgCl]/[Boltorn] ratio and the reaction time were 
chosen as the main parameters to optimize. The conversion was monitored by the appearance 
of the δ 1.73 resonance and by the disappearance of the δ 1.89 resonance. Upon increasing the 
temperature from 80 to 90°C while keeping the same ratio (Table II. 1 runs B-1 and B-3) the 
substitution reached completion. However, the appearance of new peaks in the vinyl region (δ 
A) 
B) 
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5-6) indicates the presence of an elimination side reaction (Annexes A. 1), which persisted 
even if we reduced the reaction time. On the other hand, when using a higher 
[PhMgCl]/[Boltorn] ratios at 85°C, the product yield increased from 42% to 66% without side 
reaction. Thus, we run an additional synthesis (B-4) using a longer reaction time (B-4) under 
the same conditions as B-2. The disappearance of the CH3 group resonance at δ 1.89 in the 1H 
NMR spectrum shows complete substitution and no resonances were observed at 5-6 ppm. 
Correspondingly, the 13C{1H} spectrum shows a new resonance at δ 24.57 with disappearance 
of the initial CH3 group resonance at δ 30.4. The characteristic C=S resonance was found at δ 
226. 
Table II. 1  Optimization of the nucleophilic substitution with dithiobenzoate magnesium bromide. 
Run T ( [PhMgCl]
/[Boltorn] 
Yield
(%) 
 
B-1 80 1.1 42a 
B-2 85 2 66a 
B-3 90 1.2 100 
B-4 85-87 2 100 
a Calculated from the δ 1.73 and 1.89 resonance integrals 
 
II.4.2 Attempts to prepare Boltorn®-g-poly(styrene) copolymers from Boltorn® H-
30-DTC.  
A series of Boltorn®-g-poly(styrene) copolymers was prepared by RAFT 
polymerization using different polymerization conditions: i) auto-initiated polymerization of 
styrene at 130ºC using Boltorn® H-30-DTB as the controlling agent without any other radical 
source, ii) polymerization of styrene at 110ºC using Boltorn® H-30-DTC as the controlling 
agent and 2,2′-azobis(2-methylpropionitrile) (AIBN) as radical source. Unfortunately, 
controlled polymerization was found in neither case: the polymerization stopped at low 
conversion yielding a polymer product with broad polydispersity, possibly because of 
extensive terminations with star-star coupling. This synthetic strategy was eventually 
abandoned because the one-pot RAFT-mediated aqueous emulsion polymerization is an 
alternative and better strategy to yield nanometric core-shell polymer.  
B-1 
B-2 
B-3 
B-4 
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II.5 Synthesis of CCM latex in the presence of P(MAA-co-PEOMA)-TTC 
macroRAFT agent. 
II.5.1 Previous work on the synthesis of triphenylphosphine-functionalized micelles 
(TPP@M) and core-cross-linked micelles (TPP@CCM) - Characterization of the core-
shell nano-objects. 
The use of a controlled radical polymerization technique to grow each block 
successively is a perfect tool to accurately control the chaining up of the monomer units. Thus 
combining the best attributes of CRP in water and the use of a polymerization in dispersed 
media allows a full control of the final nano-object structure from the extremity of the 
stabilizing layer to the very heart of the particles. We thus anticipated that the design of 
spherical nanoparticles as alternatives to the nanoreactors used in hydroformylation micellar 
catalysis could be possible. To achieve this, RAFT copolymerization of MAA with PEOMA, 
using the RAFT agent 4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA), to generate 
a P(MAA-co-PEOMA)-TTC macromolecular RAFT agent (macroRAFT; TTC = 
trithiocarbonate) in water was first accomplished relying on the expertise of the C2P2 
collaborators in the field (see Scheme II. 7).[4–6] In a second step and in the same reactor, 
styrene (S) and DPPS were added to generate P(MAA-co-PEOMA)-b-P(S-co-DPPS)-TTC 
amphiphilic block copolymers that self-assembled into nanometric micellar particles. Finally, 
the subsequent addition of a cross-linker (di(ethylene glycol) dimethacrylate (DEGDMA)) 
allowed generating stable and CCM particles that incorporate the TPP ligand, referred to as 
TPP@CCM. These particles have then been evaluated in terms of mass transport of organic 
molecules across the hydrophilic barrier, of coordination chemistry, and of efficiency as 
catalytic nanoreactors.  
The successful synthesis of first latexes containing DPPS was accomplished by our 
collaborators at the C2P2 Lyon. Two types of nanoparticles were obtained, bearing a P(MAA-
co-PEOMA) (MAA/PEOMA = 1/1, Mn = 16200 g mol-1, Ð = 1.1) shell and a core 
incorporating S and DPPS ([S]/[DPPS] = (100-n)/n), cross-linked or not with DEGDMA 
(Scheme II. 7). The nanoparticles obtained without DEGDMA are simple micelles (TPP@M) 
resulting from the self-assembly of the P(MAA-co-PEOMA)-b-P(S-co-DPPS) linear diblock 
copolymers during the polymerization ([S]/[DPPS] =92.5/7.5, degree of polymerization (DPn) 
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= 400 for the S-co-DPPS block). The second type are core-cross-linked micelles 
(TPP@CCM) obtained by the polymerization of a first batch of S and DPPS ([S]/[DPPS] = 
(100-n)/n, DPn = 300), directly followed by the polymerization of DEGDMA and S in the 
third, cross-linking step ([S]/[DEGDMA] = 90/10, DPn = 100). Two versions of the 
TPP@CCM particles were obtained in the C2P2 laboratory, with n = 5 and 10 (for DPn = 300 
in step 2, these contain respectively 15 and 30 TPP functions per chain). They will be referred 
to as TPP@CCM-5 and TPP@CCM-10. The detailed experimental conditions and the 
characteristics of the final products are shown in Table II. 3. In all the experiments, the pH 
was not adjusted.  
 
 
Scheme II. 7.  General strategy by RAFT-mediated emulsion polymerization for the synthesis of various types of 
core-shell nanoreactors. 
The incorporation of DPPS was confirmed by 1H and 31P{1H} NMR analyses in 
THF-d8, which is a good solvent for all the polymer constituents. The 1H NMR spectrum of 
the product is shown in Figure II. 4A. The incorporation of the DPPS units is shown by the 
presence of the resonance of the aromatic protons of the triphenylphosphine moiety at δ 7.2 
(starred resonance in Figure II. 4A). When calibrating to 1 the intensity of the resonance at δ 
3.7 corresponding to the PEO side chains methylene protons (IPEO = 1), the integrated area of 
the aromatic protons in the δ 7.5-6.2 region (Iarom = 1.06) was found substantially lower than 
P(MAA-co-PEOMA)-TTC  P(MAA-co-PEOMA)-b-P(S-co-DPPS)-TTC 
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the theoretical value of 1.74, which can be calculated from the molar ratio of the monomers 
used in the polymer synthesis, namely PEOMA on one side and the combination of S and 
DPPS on the other side. The discrepancy may be partially due to the loss of response for the 
aromatic protons related to the higher longitudinal relaxation time T1, but the major reason is 
the confinement of part of the styrene units in the cross-linked core during step 3 of the 
synthesis. This view is fully supported by the analogous measurement of the relative intensity 
of the same signals in the micelle (M) containing sample, where all components are mobile. 
For this sample the measured integral ratio (1.72, both with a standard 1 second relaxation 
delay and with a 30 s delay) is closer to the theoretical ratio of 2.00. The smaller and sharp 
resonance at δ 3.3 corresponds to the OMe group at the end of the PEO chains and its 
integrated intensity relative to IPEO matches with the known PEO molar mass in the PEOMA 
monomer.  
A) 
 
B) 
 
Figure II. 4.  A) 1H NMR spectra of TPP@CCM-10 in THF-d8. The starred resonance corresponds to the 
aromatic protons of the DPPS units. B) 31P{1H} NMR spectra of DPPS monomer and TPP@CCM-10 in THF-d8. 
 
Further analyses were performed by 31P{1H} NMR (Figure II. 4B). The phosphorus 
resonance (δ -5.9) is narrow for DPPS monomer and broadened and shifted once in the 
polymer structure (δ -6.2). The displacement of the 31P NMR resonance upon incorporation of 
the DPPS monomer in the polymer was a convenient probe for monitoring the DPPS 
consumption during the polymerization. Additionally, The DOSY NMR experiment in THF-
d8 indicated there was no residual monomer or uncross-linked free arms in the aqueous phase, 
as expected. The variation of the CCM particle size was measured by dynamic light scattering 
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(DLS) in water as a function of pH and temperature as these particles are meant to be used in 
the biphasic olefin hydroformylation reaction. These preliminary tests confirmed that the 
CCM structure is stable at high pH and high temperature, showing only a small extent of 
coagulation after prolonged heating (5 days) at 90°C.[37] 
II.5.2 Synthesis of TPP@CCM-25 
In the initial work carried out in Lyon by the C2P2 team, CCM with [DPPS]/[S] > 
10/90 (DPn = 300) in step 2 could not be synthesized. Problems such as loss of molecular 
weight control and coagulation were observed, perhaps arising from the additional physical 
events involved in the emulsion polymerization of higher DPPS density. Additional efforts 
carried out in Toulouse have led to the successful synthesis of a TPP@CCM latex with up to 
25% of DPPS monomers in step 2 (DPn = 300 in step 2 or 75 DPPS units per chain). By use 
of the conventional method developed in Lyon (see II.5.1), the polymerization was indeed not 
controlled if we increased the DPPS density to 25% in step 2 without changing any other 
parameters. The deposition of a polymer coagulate was noted at the end of the second step 
(see Table II. 2A). It is to be considered that DPPS is a solid, only partially soluble in styrene 
(maximum ca. 30% mol/mol by experimental measurement) and it needs to be dissolved in 
the styrene yielding a single liquid phase before addition to the aqueous solution. This limits 
the amount of DPPS that can be used because the polymerization procedure requires a well 
dispersed liquid in step 2. But this is not the cause of coagulation.  
In RAFT-mediated emulsion polymerization as well as in the conventional emulsion 
polymerization the initiation process is believed to start in the water phase,[38–40] where the 
oil-insoluble initiator is present. Waterborne initiator radicals generated by the thermal 
decomposition of water soluble initiator can grow in size in the very early stage by the 
propagation with those monomers dissolved (at very low concentration) in the aqueous phase. 
Styrene is only sparingly soluble in water (0.3 g/L at 20°C) but DPPS is even less soluble. 
Therefore, in the presence of ACPA, the initiation step from the water-soluble macroRAFT 
consumes only S in the early stage until micellar nucleation. Consequently, the DPPS 
concentration in the monomer phase increases, leading to precipitation. 
A first modification of the procedure was based on this hypothesis by introducing a 
first short polystyrene block (50 equivalents per chain) to induce micellar self-assembly 
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before chain extension with DPPS/S. This led again, however, to precipitation in step 2 (Table 
II. 2B). Another strategy was to add a co-solvent to help solubilize DPPS. An amount of 
toluene was added in order to compensate for the missing styrene and bring the 
([S]+[Toluene])/[DPPS] ratio to 90/10. Although this method did not lead to visible 
coagulation (see Table II. 2C), practically no DPPS was incorporated in the polymer. Nearly 
all the DPPS remained unreacted and the polymerization stopped at very low conversions (or 
continued at an extremely slow rate).  
 
Table II. 2  Photographs of the product after step 2 for different strategies to synthesize TPP@CCM 25% 
A B C D 
Convential method  Micellar method  
 
Co-solvent method 
 
Delay method 
 
The last and the successful method involved a delayed addition of the ACPA initiator 
at the beginning of step 2. Contrary to the conventional method, ACPA was added 5-10 
minutes after all the DPPS was molten in the medium to yield a liquid phase (the melting 
point of DPPS is 75-80°C while the polymerization is carried out at 80 °C). The synthesis was 
completed by the conventional cross-linking step with DEGDMA and S ([S]/[DEGDMA] = 
90/10, DPn = 100). Well-defined latex was obtained with this strategy. The DPPS 
incorporation was confirmed by 1H and 31P{1H} NMR analyses of the final dispersions 
performed in THF-d8. The 1H NMR analyses of TPP@CCM-25 is shown in Figure II. 5A a). 
The incorporation of the DPPS units is shown by the presence of the resonance of the 
aromatic protons of triphenylphosphine moiety at δ 7.2 (starred resonance in Figure II. 5A a). 
The figure also shows a comparison with the spectra of TPP@CCM-10 and TPP@CCM-5, 
which contain 30 and 15 DPPS units per chain, respectively: the triphenylphosphine-specific 
resonance clearly increases in intensity with the phosphine density in the chain. The 31P{1H} 
NMR resonance in the polymer structure (Figure II. 5B) is observed as the same position as 
the less phosphine-dense analogues (δ -6.2).  
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Figure II. 5  A) 1H NMR spectra of aromatic parts for: a) TPP@CCM-25; b) TPP@CCM-10; c) TPP@CCM-5 
in THF-d8. The starred resonance corresponds to the aromatic protons of the DPPS units. B) 31P{1H} NMR 
spectra of TPP@CCM-25 in THF-d8. 
The particle size was measured by DLS in water both before and after cross-linking, 
as well as in THF for the final cross-linked particles. The Dz values are ca. 73 nm in water for 
both the micelles and the CCM, with a narrow size distribution (PDI ca. 0.1). The CCM 
swelled by a factor of ca. 3 in diameter (27 in volume) when placed in a THF solution, Dz = 
235 nm, PDI = 0.2. The spherical morphology, dimensions, and narrow polydispersity were 
in all cases confirmed by TEM observations (Figure II. 6).  
   
 
Figure II. 6  TEM images of the micelles (after Step 2 of the synthesis, left) and the final core-cross-linked 
micelles TPP@CCM-25 (middle) and DLS traces in water and THF for the final TPP@CCM-25 (right). 
A new sample of TPP@CCM-10 with a bigger core (DPn = 500 instead of DPn = 
300 for the standard latex synthesized at the C2P2 Lyon) has also been synthesized 
successfully. For later reference, the available latexes are summarized in Table II. 3. 
Representative TEM images of all synthesized polymers are given in Figure II. 6 and Figure 
II. 7.  
 
* 
* 
* 
a) 
b) 
c) 
A            B 
10 100 1000
H2O
THF
Dz (nm)
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Table II. 3.  Results of the one-pot RAFT emulsion polymerizations of styrene and DPPS in the presence of 
P(MAA-co-PEOMA)-TTC macroRAFT agent in water at 80°C and pH = 3.5. 
a Measured by size-exclusion chromatographic (SEC) in DMF using polystyrene standards for step 2; b The 
conversion of styrene was determined by gravimetric analysis and 1H NMR that of DPPS was measured by 31P 
NMR in THF-d8; c The theoretical molar mass of copolymers was calculated using the following equation: 
Mn,theo = ([M]0/[macroRAFT]0 × molar mass (MM) of monomer × conversion)/100 + Mn, macroRAFT; d For the 
determination of Dz in THF, the latex was concentrated before dilution in THF. n.a. = not available. 
 
   
TPP@CCM-5  TPP@CCM-10 (DPn = 300)  TPP@CCM-10 (DPn = 500) 
Figure II. 7  TEM images of other final core-cross-linked micelles CCMs with different degree of 
polymerization (DPn) and DPPS:S molar ratios. 
Run 
Step 1 Step 2 Step 3 
Mn SECa 
(g mol-1) Ð
a DPn 
[S]0/ 
[DPPS]0 
Conv. (%)b Mn theoc 
(g mol-1) 
Mn SEC a 
(g mol-1) Ð
a DPn 
[S]0/ 
[DEGDMA]0 
Conv. 
(%)b 
Dz (nm) / PDId 
S DPPS H2O THF 
TPP@CCM-5 16000 1.1 300 95/5 98 100 49200 49000 1.39 100 100/0 97 100/0.28 160/0.07 
TPP@CCM-10 
(DPn = 300) 
16200 1.11 300 90/10 97 100 52100 52300 1.51 100 90/10 100 79/0.18 175/0.28 
TPP@CCM-25 12100 1.2 300 75/25 94 100 65240 n.a. 100 90/10 99 73/0.09 235/0.2 
TPP@CCM-10 
(DPn = 500) 
11100 1.2 500 90/10 91 100 80010 79670 1.57 100 90/10 99 127/0.04 360/0.14 
II.5.3 Mass transport of organic compounds into the CCM 
As discussed in the introduction part, the unimolecular core-shell nano-objects have 
an unprecedented topology for catalytic applications. Therefore, the phenomenon of mass 
transport of hydrophobic molecules across the hydrophilic barrier required evaluation. Only 
the TPP@CCM-10 (DPn = 300) sample was used for the detailed mass transport studies since 
all the CCMs have similar chemical properties with only different DPPS density.  
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A swelling test was performed in the presence of 1-octene under the same conditions 
that have been used for the hydroformylation reaction (90°C, see chapter IV). The latex was 
mixed with the same volume of 1-octene and the mixture was heated at 90°C. The 1-octene 
phase disappeared after stirring, suggesting particle swelling by 1-octene. This was also 
confirmed by the particle size increase (i.e. Dz = 117 nm after 20 h of heating, vs. < 100 nm in 
the absence of 1-octene), see Figure II. 8. This experiment also shows a certain degree of 
particle aggregation under these harsh conditions. However, the overall dispersion remains 
stable and no coagulation was observed. This aggregation phenomenon will be addressed 
again later in the thesis, as it constitutes a fundamental problem of these polymeric 
nanoreactors in relation to catalyst leaching in hydroformylation.  
 
Figure II. 8  Stability test and swelling in the presence of 1-octene of the CCM sample heated at 90°C at pH = 10. 
Evolution of the particle size (Dz) and the PDI versus time. 
The polymer core swelling was also investigated by NMR spectroscopy, using a 
variety of organic compounds, at room temperature. Dilution of the latex with D2O and 1H 
NMR analysis led to the observation, in addition to a strong water resonance at δ 4.70, of a 
resonance at δ 3.62 and a smaller one at δ 3.30 assigned respectively to the PEO methylene 
and terminal OMe protons of the hydrosoluble shell, whereas the aromatic protons in the 
polymer core are nearly invisible (spectrum (a) in Figure II. 9A). Note that the backbone CH2 
and CH3 protons of the methacrylate units in the outer hydrophilic shell are also invisible, 
suggesting that these chains have greater affinity with the hydrophobic core and move 
solidarily with it, with long correlation times. In addition, no resonance was observed in the 
31P{1H} NMR spectrum (spectrum (a) in Figure II. 9B). Addition of CHCl3 to the latex, 
0
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however, followed by brief stirring and immediate NMR monitoring, produced new spectra 
where the core resonances could again be clearly observed, both by 1H and 31P{1H} NMR 
(Figure II. 9b). Note the absence of a resonance at δ 24 in the 31P {1H} spectrum, confirming 
that no phosphorus oxidation took place during the polymerization and work-up procedures. 
The strong and sharp resonance at δ 7.15 in the 1H spectrum is due to the CHCl3 molecules 
that have migrated inside the polymer particles. Integration of this resonance relative to that 
of the PEO methylene protons indicates that the nano-objects have incorporated ca. 2000 
chloroform molecules per chain. 
 
 
Figure II. 9.  1H (A) and 31P{1H} (B) NMR spectra of the CCM diluted in D2O: before swelling (a) and after 
swelling with CHCl3 (b), toluene (c), 50:50 1-octene/toluene (d), and nonanal (e). C: expansion of the PEO 
resonances in A. 
Core swelling was also evident upon treatment with toluene (Figure II. 9c). In this 
case, in addition to the broad resonances of the polystyrene aromatic protons, the 1H spectrum 
shows also sharp resonances for the encapsulated toluene molecules (multiplets for the 
aromatic protons around δ 6.62 and 6.72; methyl at δ 1.74). Note that the resonances of the 
toluene-swollen core have a slightly different chemical shift relative to the CHCl3-swollen 
core. The PEO methylene and terminal OMe resonances show an interesting phenomenon. 
While they remain sharp for the CHCl3-swollen sample (Figure II. 9b), each one of them 
gives rise to the combination of a sharp resonance at the same chemical shift, but with 
reduced intensity, and a broader resonance centered at higher field (δ 3.51 for the methylene 
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protons and at δ 3.20 for the OMe protons). These can be better viewed in part C of Figure II. 
9. The sum of the intensities corresponds to the expected total amount of PEO in the nano-
object. This suggests that the greater part of the PEO chains are located inside the 
hydrophobic core when this is swollen by toluene. Deconvolution of the PEO methylene 
region as the sum of two Lorentzian functions (see Figure II. 10) yields a 30.3:69.7 (± 0.1) 
ratio in favor of the core confined resonance. Integration of the toluene aromatic and aliphatic 
protons against those of PEO indicates the presence of 770-950 toluene molecules per chain 
inside the nano-object. This number is only a rough estimate since both toluene resonances, 
though sharp (see Figure II. 9), overlap with those of the core polystyrene protons. 
  
  
 
Figure II. 10  Deconvolution of the PEO methylene signals among a sharper (H2O confined, lower field) and a 
broader (polymer core confined, higher field) Lorentzian function for CCM swollen with toluene (a), 50:50 
toluene/1-octene (b), nonanal (c) and decanal (d).  
Treatment of the latex with pure 1-octene at room temperature revealed neither the 
polymer core resonances nor those of 1-octene itself. These peaks, however, became visible 
when the swelling was carried out with a 50:50 toluene/1-octene mixture (Figure II. 9d: 
CH(sp2) at δ 5.45; CH(sp3) at δ 0.94 for methylene and 0.57 for methyl). Therefore, while 1-
octene is not able to diffuse into the polymer core when added as a pure phase at room 
temperature, it is able to do so when accompanied by a good solvent such as toluene. The 
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overall solvent properties of the toluene/1-octene mixture are poorer than those of pure 
toluene for the CCM core, as indicated by the broader resonances of the core protons in the 
1NMR spectrum and of the phosphine resonance in the 31P{1H} NMR spectrum (Figure II. 9d). 
The core-confined PEO protons also give a broader resonance, centered around δ 3.58 in the 
1H NMR spectrum, the relative intensity of which is about the same as in toluene (72.4 ± 
0.1% of the total according to the deconvolution analysis, see Figure II. 10b). Integration of 
the solvent resonances (aromatic and aliphatic for toluene; vinylic and terminal methyl for 
octene) shows the presence of 420-520 molecules of toluene and 90-100 molecules of 1-
octene per chain inside the polymer. These results are coherent with the known solubility 
properties of polystyrene, which appear not to be significantly altered by the presence of 10% 
DPPS units: soluble in chloroform and toluene, insoluble in aliphatic hydrocarbons. 
Finally, a swelling experiment was also carried out with nonanal, the expected 
product of 1-octene hydroformylation (Figure II. 9e), and decanal, used as solvent in the 
hydroformylation studies which will be discussed in Chapter IV (the results with decanal are 
shown in Annexes Figure A. 2). The behavior of these two organic additives is identical and 
close to that of the toluene/1-octene mixture, as immediately suggested by the broadness of 
the phosphorus resonance. However, the total absence of visible core resonances in the 1H 
NMR spectrum indicates that these long chain aldehydes are even worse solvents for the 
hydrophobic core, although they are capable of swelling it as shown by the typical resonances 
of the organic guest molecules, particularly that of the aldehydic proton at δ 9.35. Integration 
suggests that there are 150-180 molecules of nonanal (120-160 molecules of decanal) per 
chain inside the nano-object, depending of which signal intensity is used for the calculation. 
The PEO protons are once again split into sharper resonances for the chains in the aqueous 
environment and broader ones for those inside the polymer core (37.1:62.6 ± 0.1% for 
nonanal and 33.1:66.9 ± 0.1% for decanal, according to the deconvolution, see Figure II. 10. 
The most important information provided by these experiments, however, is the 
indication that mass transport of small organic molecules into the polymer core across the 
hydrophilic polymer shell barrier is a very rapid process, although the kinetics of this mass 
transport phenomenon has not yet been investigated in greater details. 
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II.5.4 Structuring of the core-shell interface 
The observation that a significant part of the PEO chains are placed inside the 
polymer hydrophopbic core when swollen by most solvent was rather unexpected and 
remarkable, because a pure PEO polymer will partition essentially quantitatively in favor of 
the aqueous phase when placed for instance in a water-toluene biphasic medium at room 
temperature. Another remarkable observation is that the Me protons of the MAA monomer 
incorporated in the “hydrophilic” P(MAA-co-PEOMA) shell are not visible in the spectra 
taken in D2O, whether the polymer core is toluene-swollen or not, whereas they are visible in 
the spectrum recorded in THF-D8 (δ 2.54), see Figure II. 11A. These two observations lead us 
to propose the model shown in see Figure II. 11B for the structuring of the core-shell 
interphase, at least in the case of the toluene-swollen latex.  
 
 
Figure II. 11  A: 1H NMR spectra of TPP@CCM in different media. B: cartoon of the proposed core-shell 
interphase structure for the toluene-swollen TPP@CCM latex at the natural pH. 
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The shell P(MAA-co-PEOMA) backbone is not sufficiently solvated neither by 
water nor by toluene, thus lies as a less mobile interphase layer between the water solution 
and the toluene-swollen core. The random conformation of the backbone is organized in such 
a way that part of the PEO and methacrylic acid function are facing the water solution 
whereas another part is forced to be placed inside the hydrophobic shell. It is therefore the 
lack of solvation of the shell backbone and the associated entropic gain of the interlayer 
structuring that pays the penalty of placing part of the PEO chains in the less favorable 
hydrophobic core environment. It is to be noted that this situation refers to the latex as 
obtained from synthesis in unbuffered water. Hence, the majority of the carboxylic acid 
functions are undissociated. The pH measured for this latex is in a range from 4.9 to 5.5 (after 
dilution by a factor of 3). This is what will be henceforth referred to as “natural pH”. 
The NMR properties of TPP@CCM were also investigated at high pH, where the 
polymer hydrophilic shell is completely deprotonated. The pKa of methacrylic acid is 4.66 at 
20°C, but shifts to higher values upon incorporation in a PMAA chain. Values as disparate as 
5.5[41] and 7.3[42] have been reported in different contributions and a theoretical study has 
estimated values in the 5.2-8.8 range as a function of molar mass, because of cooperativity 
effects.[43] At any rate, all MAA functions will be deprotonated at very high pH. By adding a 
large amount of NaOH after swelling with toluene (details in the Experimental section), 
polymer dispersions at pH 13.6 have been prepared. The high pH does not affect the polymer-
grafted TPP functions, as shown by 31P NMR which features a single resonance at the same 
chemical shift as for the swollen latex at natural pH, stable in time. The 1H NMR spectrum is 
also essentially identical to that observed at the natural pH, both the unswollen and the 
toluene-swollen versions. One peculiar point is that deprotonation of the carboxylic functions 
would be expected to render the shell chains more hydrophilic and increase their mobility by 
fully deploying them into the aqueous phase. However, the methacrylate monomer protons 
remain invisible, whether the latex is swollen with toluene of not. Thus the backbone of the 
hydrophilic shell maintains low mobility even at high pH.  
Another peculiar phenomenon can be appreciated by expanding the PEO proton 
resonance region, see Figure II. 12A. Unlike the behavior at natural pH where the PEO 
methylene and methyl proton resonances are split into only two populations, they have a more 
complex shape at pH 13.6. Two populations clearly correspond to those observed at natural 
pH, both in chemical shift (though slightly upfield shifted) and linewidth and are given the 
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same assignment: the sharper resonance (at δ 3.58 for the stronger methylene resonance) is 
attributed to the PEO chains freely moving in the water phase and the broader one (centered at 
δ 3.40 for the methylene resonance) belongs to the mobile PEO chains located inside the 
swollen core. However, there is residual intensity in-between these two Lorentzian functions. 
A fit including a third Lorentzian function provides a better match with the experimental 
spectrum as shown in Figure II. 12, but not as good as that at natural pH in Figure II. 11. This 
third resonance is broad, indicating restricted mobility for the PEO protons belonging to this 
signal. The relative ratio of the three fractions is 27.1:39.4:33.5. Note that the estimated 
fraction for the water-solvated PEO chains (27.1%) is very close to that estimated at the 
natural pH (30.3%). 
 
 
Figure II. 12.  A: excerpt of the 1H NMR spectra of the toluene-swollen TPP@CCM at pH 13.6 in the methylene 
and methoxy PEO proton resonance region and deconvolution of the CH2 resonance; the experimental spectrum 
is shown twice, above by itself and below superimposed with the fit as the sum of three Lorentzian functions. B: 
cartoon of the proposed core-shell interphase structure for the toluene-swollen TPP@CCM latex at pH 13.6. 
33.23.43.63.84
δ/ppm
Experimental
Lorentz1
Lorentz2
Lorentz3
SUM
Experimental
A
Outer aqueous phase
Mobile toluene-swollen core
Less mobile 
P(MMA-co-PEOMA) shell
Lorentz1
(sharp)
Lorentz3
(broad)
Lorentz2
(broad)
B
86 
It thus appears that the deprotonation does not change the structuring of the core-
shell interphase. Since the core has low polarity, the deprotonated carboxylates that are placed 
inside the hydrophobic core will form tight ion pairs with sodium cations, the coordination of 
which is likely saturated by the PEO oxygen atoms of neighboring PEOMA monomers, 
reminiscent of the alkali metal coordination by crown ethers. These Na-coordinated ethylene 
oxide functions are proposed to account for the third irregular Lorentzian distribution, the 
downfield shift relative to the free core-confined PEO chains being a consequence of the Na 
coordination. The possible adoption of a variety of different conformations for the 
carboxylates and PEO chains in the core accounts for the complex shape of this resonance. 
This study provides useful information for understanding the metal migration between 
particles in the latex, which will be addressed in chapter III. 
II.5.5 Synthesis of BMODPPS@CCM  
The BMOPPP@CCM latex was obtained by a one-pot three-step synthesis, based on 
the RAFT methodology, as described in Scheme II. 8. The kinetics of each step is illustrated 
in Figure II. 13. The first step is identical to that used for the synthesis of the TPP@CCM 
latexes and described above using MAA and PEOMA as hydrophic monomers, CTPPA as the 
controlling agent and ACPA as the radical source. Full conversion was attained within 2 h 
(see Figure II. 12, left). The overall monomer/controlling agent ratio being set at 30, the 
polymer chains obtained at complete conversion have been experimentally determined by 
size-exclusion chromatographic (SEC) with a number average molar mass, Mn = 11200 g mol-
1, not far from the expected 30 monomer units per chain (Mn,th = 15625 g mol-1) and a low 
dispersity (Ɖ = 1.19), see SEC trace Annexes Figure A. 3.  
The resulting water-soluble macroRAFT P(MAA15-co-PEOMA15)-TTC was used in 
step 2 as macro-controlling agent, upon further addition of ACPA, for the chain extension 
with the mixture of styrene (S) and BMOPPS (95:5 molar ratio corresponding to 300 
monomer units per chain). During this step, the solid BMOPPS monomer is dissolved in the 
styrene yielding a single liquid phase that is added to water. The emulsion polymerization 
starts rather slowly with an induction period (Figure II. 13, center) that corresponds to the 
time required for the P(MAA15-co-PEOMA15)-TTC hydrophilic chains to add sufficient 
hydrophobic monomer units to start to self-assemble. Once micelles are formed, the 
polymerization is fast and a complete conversion is obtained within 2 h. The polymer SEC 
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analysis confirms the efficiency and control of the chain extension. The experimentally 
determined molar mass (Mn = 43900 g mol-1) of the polymer analyzed after this step increased 
relative to the starting P(MAA15-co-PEOMA15)-TTC chains while the molar mass distribution 
remained narrow (PDI = 1.3) although slightly broader than for the starting macroRAFT agent 
P(MAA15-co-PEOMA15) (PDI = 1.19). This appears related to the presence of a certain 
amount of dead P(MAA15-co-PEOMA15) chains, see Annexes Figure A. 3. 
 
 
 
 
 
 
 
 
 
Scheme II. 8  Synthesis of the BMOPPP@CCM latex. 
 
Figure II. 13.  Conversion versus time for the three steps of the BMOPPP@CCM latex synthesis depicted in 
Scheme II. 8: step 1 (left), step 2 (center) and step 3 (right). 
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Nevertheless, P(MAA-co-POEMA)-b-P(S-co-BMOPPP)-TTC amphiphilic block 
copolymer micelles exhibiting narrowly distributed sizes were obtained after step 2 (see 
characterization below). Using a proportion of the phosphine-functionalized monomer greater 
than 5% results in a three-phase system with undissolved solid BMOPPS and the 
polymerization does not yield well-dispersed micelles of narrow size distribution. Thus, the 
chemistry involving BMOPPP is less flexible in terms of degree of ligand functionality 
relative to the previously discussed TPP@CCM synthesis, where the hydrophobic core could 
be charged with up to 25% of the phosphine-functionalized monomer DPPS. 
The resulting micellar dispersion was then treated in a third step with a 90:10 molar 
mixture of styrene and di(ethylene glycol) dimethacrylate (DEGDMA) used as cross-linking 
agent, identical to the synthesis of the TPP@CCM described above. This step takes place very 
rapidly without induction time (Figure II. 13 right) to yield the desired BMOPPP@CCM. 
II.5.6 BMOPPP@CCM characterization 
The full 1H and 31P{1H} NMR characterization was carried out in THF-d8, which is a 
good solvent for all the polymer constituents. The 1H NMR spectrum, see Figure II. 14a, 
clearly shows the core aromatic protons in the δ 7.5-6.2 region. The shell PEO side chains 
give rise to a sharp resonance at δ 3.63 (overlapped with one of the two THF-d8 residual 
proton resonances) for the CH2 protons and a smaller resonance at δ 3.34 for the OMe chain 
end. The backbone aliphatic protons of both core and shell are visible as two broad features at 
δ 2.2-1.2. The aromatic protons of the BMOPPP moiety overlap with those of PS. The 
BMOPPP OMe protons probably give rise to the small resonance at δ 3.82, to the left of the 
large PEO CH2 resonance (cf. δ 3.83 for the monomer in CDCl3), providing direct evidence 
for the incorporation of BMOPPS in the CCM. Indeed, this peak is absent in the 1H NMR 
spectrum of the analogous TPP@CCM, the two spectra being otherwise identical. The 
extensive resonance overlap hampers the quantitative measurement of the core and shell 
monomers, however more clear information was obtained from the NMR of the swollen latex 
(next section). Furthermore, a solid state 13C{1H} MAS-NMR analysis with quantitative 
integration reveals the correct area ratio expected for the resonances of the aromatic C atoms 
at δ 125-130 and of the PEG C atoms at δ 70 (Annexes Figure A. 4 ). Further analyses were 
performed by 31P{1H} NMR (Figure II. 14B), which confirmed the incorporation of the 
phosphine functionalized styrene monomer in the CCM. The phosphorus resonance of the 
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BMOPPS monomer at δ -8.9 is slightly broadened and shifted to δ -11.4 once incorporated in 
the polymer structure. This displacement was a convenient probe to monitor the BMOPPS 
consumption during the polymerization. Additional NMR investigations will be shown below, 
in reference to the complexation studies.  
A 
 
B 
 
Figure II. 14  A) 1H NMR spectrum of BMOPPP@CCM in THF-d8. The resonance marked with ○ belongs to 
H2O, that marked with □ to silicone grease and those marked with * to the THF-d8 residual proton resonances. 
B) 31P{1H} NMR spectra of the BMOPPS monomer (blue) and of BMOPPP@CCM (brown) in THF-d8. 
The particle size was measured by DLS in water both before and after cross-linking, 
as well as in THF for the final cross-linked BMOPPP@CCM particles. The Dz values are ca. 
80 nm in water for both the micelles and the CCMs, with a narrow size distribution (PDI ca. 
0.16). The CCMs swelled by a factor of ca. 2.7 in diameter (20 in volume) when placed in a 
THF solution, Dz = 216 (PDI = 0.2). The spherical morphology, dimensions, and narrow 
polydispersity were in all cases confirmed by TEM observations (Figure II. 15). 
 
 
Figure II. 15.  TEM images of micelles (after Step 2 of the synthesis), left, and final core-cross-linked micelles 
(BMOPPP@CCM), right. 
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II.5.7  Swelling effect of BMOPP@CCM 
As shown in the previous section, all nano-object flexible components (shell and core 
linear arms) are well solvated in THF-d8. The corresponding 1H NMR spectrum in D-enriched 
water (obtained upon directly diluting the latex with D2O, Figure II. 16a) only shows the 
water-solvated hydrophilic shell: PEO CH2 resonance at δ 3.63 and small resonance at δ 3.32 
for the terminal OCH3 group (better visible in the expansion of Figure II. 16C). The small and 
irregular shoulder upfield of the more intense CH2 resonance (at ca. δ 3.55) is probably 
caused by the PEO CH2 groups located close to the shell/core interface. Water is a non-
solvent for the polystyrene-based core. The 31P{1H} spectrum does not show any visible 
resonance, Figure II. 17a.  
 
  
  
Figure II. 16.  A: 1H NMR spectrum of BMOPPP@CCM in D2O before (a) and after (b) swelling with toluene. 
B-D: Expansions in selected regions. The resonance marked with ○ is due to water, while those marked with ∆ 
belong to the swelling toluene molecules. 
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Figure II. 17.  31P{1H} NMR spectrum of BMOPPP@CCM in D2O before (a) and after (b) swelling with toluene. 
Swelling of the CCM latex by toluene leads to several changes in the 1H NMR 
spectrum, see Figure II. 16b. A first one is the reappearance of the core constituents as broad 
features at δ 6-7 for the aromatic protons (Figure II. 16B) and at δ 1-2 for the backbone 
protons (Figure II. 16D). These broader resonances overlap with the sharper ones of the free 
toluene located inside the CCM core (only the latex phase was carefully selected for the NMR 
measurement after swelling and decanting), at δ 6.5-6.8 (aromatic) and 1.75 (methyl). The 
small resonance at δ 2.9 (see Figure II. 16C) is assigned to the BMOPPP methoxy protons. 
Although this resonance is upfield shifted by almost 1 ppm from the value in the monomer 
and in the THF-d8-solvated polymer (vide supra), which may be related to the different 
solvation, there are no other resonances expected for the polymer in this region and the 
integrated intensity relative to the PEO peaks is in relatively good agreement with the 
expected value (observed ratio of 0.061 vs. a theoretical value of 0.076). For comparison, the 
OMe resonance in the BMOPPS monomer also shifts upfield from δ 3.83 to 3.27 when the 
solvent is changed from CDCl3 to toluene-d8. Note that no backbone resonance is visible for 
the unswollen sample, suggesting that only the PEO chains are solvated by water, whereas the 
polymer chain backbone and the MAA methyl groups of the shell compartment remain 
solidary with the hydrophobic core in the pristine (unswollen) latex, like in the related 
TPP@CCM sample. The core phosphine functions become equally visible, after swelling, by 
31P{1H} NMR with a resonance at δ -9.7, Figure II. 17b. A second change caused by swelling 
in the 1H NMR spectrum is the splitting of the PEO CH2 and CH3 resonances into a pair of 
smaller and sharper resonances on one hand, located at the same positions as in the unswollen 
latex (cf. (a) and (b) in Figure II. 16C) and therefore assigned to water-solvated PEO chains, 
and a pair of more intense and broader resonances on the other hand, shifted upfield to δ 3.52 
(CH2) and 3.20 (CH3). The latter are assigned to PEO chains that are folded back into the 
swollen core. This phenomenon is also common to the related TPP@CCM latex, therefore the 
-20-15-10-50 δ/ppm
(a)
(b)
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same conclusions reached about the strucutring of the core-shell interface for the TPP@CCM 
particles (see Figure II. 11) are also proposed for BMOPPP@CCM. The deconvolution of the 
PEO CH2 resonance as the sum of two Lorentzian functions (see details in Annexes, Figure A. 
5) yields a chain distribution of (23.2±0.1)% in water and (76.8±0.1)% in the core.  
Integration of the 1H spectrum for the toluene-swollen sample affords the expected 
intensities of the aromatic and backbone protons relative to the PEO protons when 
considering only the protons in the flexible chains (i.e. excluding the cross-linked nucleus, 
presumably characterized by slow tumbling even after swelling) and also allows a rough 
estimate of the amount of toluene, although these measurements are quite imprecise because 
of overlap. The solvent amount is in the range of 730-810 molecules per chain, depending on 
whether the calculation is based on the Me or the aromatic resonance intensity. This amount is 
similar to that measured for the swelling of the related TPP@CCM (section II.5.3).  
II.5.8 Synthesis of a ferrocenyl phosphine thioether-functionalized latex, 
(PS,SPh)@CCM  
The (PS,SPh)@CCM latex was obtained by the same procedure as TPP@CCM, a 
one-pot three-step synthesis, based on the RAFT methodology, except that the amount of the 
functionalized monomer II.3 (Scheme II. 4) at step 2 was limited to 3% relative to S 
([S]/[II.3] = 97/3, DPn = 300 in step 2). Two samples have successfully been developed 
where the fraction of functionalized monomer is 2 and 3% (6 and 9 units per chain, 
respectively). Attempts to incorporate more than 3% of II.3 caused precipitation (Figure II. 
18A). The particle size of the successfully synthesized cross-linked particles was measured by 
DLS in water as well as in THF. The Dz values are ca. 100 nm in water with a narrow size 
distribution (PDI ca. 0.15). The CCMs swelled by a factor of ca. 2.4 in diameter (14 in 
volume) when placed in a THF solution (Dz = 244 nm, PDI = 0.22). The spherical 
morphology, dimensions, and narrow polydispersity were in all cases confirmed by TEM 
observations (Figure II. 18B-C). In conclusion, we have shown that the sulfur-protected 
ligand monomer II.3 can be incorporated in the CCM core by RAFT polymerization. 
However, no detailed studies on the swelling effect or on the metal coordination have been 
carried out so far on this polymer because the desulfuration step has not yet been 
accomplished. In this context, several tests using tris(dimethylamino) phosphine in refluxing 
water or THF directly with the final (PS,SPh)@CCM latex have been performed without 
93 
success. The synthesis of this polymer target should be more successful by direct 
incorporation of the deprotected ligand monomer II.4 (Scheme II. 4). 
A B C 
 
 
  
DP = 300; (PS, S):S = 5/95 DP = 300; (PS, S):S = 2/98 DP = 500; (PS, S):S = 3/97 
Figure II. 18  Photo of A) for micelle after step 2 with [PS, SPh]/[S] = 5/95, DPn = 300. B-C) TEM images of 
other CCMs with different (PS, SPh):S molar ratios. 
 
II.6 Synthesis of CCM latexes in the presence of the PNAM-TTC 
macroRAFT agent 
II.6.1 Different attempts at incorporating DPPS/S in the CCM core 
As will be shown in chapter IV, the likely cause of catalyst leaching when using the 
metal-loaded CCM as catalytic nanoreactors is the nanoreactors transfer to the organic phase, 
favored by the slight compatibility of the PEO chains with organic media at high temperature 
(LCST behavior). Therefore, another aim of this project was the development of different 
nanoreractors with a less lipophilic layer. As reported in the litterature, well-defined 
multiblock copolymers containing a poly(N-acryloylmorpholine) (PNAM) block have been 
obtained by a one-pot, multistep sequential RAFT polymerization in water.[44,45] Therefore, N-
acryloylmorpholine (NAM) was chosen as the first alternative hydrophilic monomer for step 
1 of the CCM synthesis. The RAFT polymerization of NAM was perfomed in water under the 
same conditions described above for TPP@CCM , using CTPPA as the controlling agent and 
ACPA as the radical source with a monomer/controlling agent ratio of 25. Complete 
conversion was achieved within 1 hour, as shown in Figure II. 19 (step 1). The well controlled 
nature of this polymerization is clearly indicated by the SEC analysis of the resulting polymer 
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with a narrow molecular wight distribution (Đ = 1.08) and a molecular wright (Mn,SEC = 3110 
g mol-1) closely matching the expected value for the chosen monomer/initiator ratio (Mn,th = 
3809 g mol-1).  
Figure II. 19  Conversion versus time for the four steps of the Py@CCM latex synthesis: step 1 (top left), step 2 
(top right), step 3 (bottom left) and step 4 (bottom right). 
Once a suitable PNAM-TTC macroRAFT was available, the incorporation of a PS-
co-PDPPS block in step 2 was investigated. The standard conditions described above for the 
successful synthesis of TPP@CCM ([S]/[DPPS] = 90/10, DPn = 300), however, led to the 
generation of a large amount of precipitate, see (Figure II. 20A). The 1H and 31P{1H} NMR 
analyses indicated that these precipitates contain both unreacted DPPS and polymer. Several 
modifications of the experimental conditions, such as changing the pH, introducing a first 
short styrene chain (50 units), increasing the PNAM DPn and delaying the ACPA addition 
during step 2, were tested. However, precipitation always occurred. On the other hand, using 
only S in step 2 led to the successful synthesis of a latex containing micelles of phosphine-
free amphiphilic block polymer (PNAM25-PS300-TTC). Although the SEC analysis suggested 
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a controlled polymerization in step 2 (Mn,SEC = 32150 g mol-1, Đ = 1.22, Mn,th = 35036 g mol-
1), the DLS revealed a bimodal trace with Dz = 56 nm and PDI = 0.49. For this reason, no 
further cross-linking step was performed on this polymer. 
Another attempt for generating a TPP@CCM with a new type of hydrophilic shell 
consisted in the use of acrylic acid, because amphiphilic PAA-b-PS block copolymers have 
been reported by successful chain extension of a PAA-TTC macroRAFT with S via RAFT-
mediated emulsion polymerization.[13] Therefore, a PAA30-TTC was successfully synthesized 
as described in the literature. Unfortunately, this macroRAFT also led to coagulation upon 
introducing DPPS in step 2 (Figure II. 20B), no matter what conditions were used for the 
synthesis.  
A B 
  
 
 
 
 
 
 
 
Figure II. 20  Photo of A) micelle after step 2 in the presence of PNAM-TTC macroRAFT agent. B) in the 
presence of PAA-TTC macroRAFT 
 
II.6.2 Synthesis of a CCM with a PVP core (Py@CCM) in the presence of the 
PNAM-TTC macroRAFT agent 
Since the PNAM-TTC macroRAFT agent did not yield well-defined polymeric 
nanoparticles by chain extension with DPPS/S in water, it was decided to replace DPPS by 
another monomer with ligand properties for the CCM synthesis. A simple choice was 4-
vinylpyridine (VP), which is commercially available. The use of poly(4-vinylpyridine) (PVP) 
in catalysis has already been reported. As an exemple, PNIPAM-b-PVP (NIPAM = N-
isopropylacrylamide) self-assembled block copolymer micelles have been successfully used 
to load gold nanoparticles as a thermoresponsive micelle-supported catalyst.[46] On the other 
hand, cross-linked PVP was elsewhere used to immobilize molecular transition metal 
catalysts through coordinative bonds. It was shown that a PVP-supported Rh complex affords 
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active hydrogenation and hydroformylation catalysts under certain conditions.[47,48] Selective 
nitrobenzene reduction has also been achieved with stable catalytic systems prepared from 
Rh(I) amino complexes immobilized on PVP.[49]  
The overall strategy for the synthesis of core-cross-linked micelles with grafted 
pyridine ligands (Py@CCM) is a PISA process using the RAFT methodology as summarized 
in Scheme II. 9. The first step  is the aqueous polymerization of NAM to yield a water soluble 
PNAM-TTC macro-RAFT agent In the second step, chain extension with 4VP generates a 
PNAM-b-P4VP-TTC block copolymer. This step differs from step 2 of the TPP@CCM 
synthesis in one very important aspect. Homopolymerization of DPPS to generate a PDPPS 
block is technically impossible because, being a solid, this monomer requires a comonomer-
solvent to allow its incorporation in aqueous emulsion polymerization. 4VP, on the other hand, 
is liquid and can be used as neat monomer to yield a homopolymer block. The resulting P4VP 
block contains a high density of ligand monomers, potentially leading to better stabilization of 
highly unsaturated catalytic intermediates through the chelate effect. In the third step, further 
chain extension of PNAM-b-P4VP-TTC with S yields a PNAM-b-P4VP-b-PS-TTC triblock 
copolymer to insure a more hydrophobic environment in the polymer core, since the water 
solubility of P4VP can be easily influenced by pH. Finally, the subsequent addition of the 
DEGDMA cross-linker generates unimolecular core-cross-linked particles.  
 
Scheme II. 9.  General strategy for the synthesis of Py@CCM by RAFT-mediated emulsion polymerization in 
the presence of the PNAM-TTC macroRAFT agent. 
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The kinetics of each step of the Py@CCM synthesis is illustrated in Figure II. 19. 
PNAM in step 1 was obtained as already described in the previous section using CTPPA as 
the chain transfer agent and ACPA as initiator. Full conversion was attained within 1 h. The 
SEC characterization shows a monomodal trace and a number average molar mass Mn = 6970 
g mol-1, not far from the expected 40 monomer units per chain (Mn,th = 6209 g mol-1) and a 
low dispersity (Ɖ = 1.21). The conversion in step 2 was almost complete within 1 h (see 
Figure II. 19, top right). No SEC analysis was carried out for this intermediate because the 
PVP block is insoluble in THF, at least at room temperature. Step 3 starts immediately 
without induction period (see Figure II. 19, bottom left), probably because the short PNAM40-
PVP50-TTC chains are already self-organized in micellar form, or because this self-
organization is induced by addition of the S monomer. The tailed SEC trace observed for the 
PNAM40-b-PVP50-b-PS250-TTC product resulting from this step, see Annexes Figure A. 6, 
shows the presence of a certain amount of dead PNAM-b-PVP chains. Nonetheless, the 
amphiphilic triblock copolymer micelles exhibit narrowly distributed sizes by DLS analysis, 
see Figure II. 21. The resulting dispersion was then reacted in the last step with a 90:10 molar 
mixture of S and DEGDMA, yielding full conversion very quickly without induction time.  
 
Figure II. 21  DLS in water of the micelle (after Step 3 of the synthesis) and the final Py@CCM. 
The particle size was measured by DLS in water both before and after cross-linking, 
as well as in THF for the final cross-linked Py@CCM particles. The Dz values in water are 75 
nm (PDI = 0.11) for the Ms and 90 nm (PDI = 0.11) for the CCMs. The Py@M intermediate 
and Py@CCM product were further characterized by TEM to elucidate the nanoparticle 
morphology, dimensions and structural details. The TEM micrograph in Figure II. 22 show a 
homogenous spherical morphology in all cases, confirming the narrow polydispersity 
determined by DLS. 
10 100 1000
Step 3 (Water)
Step 4 (Water)
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Figure II. 22  TEM images of the Py@M particles (after Step 3 of the synthesis), left, and final Py@CCM 
particles, right. 
 
II.7 Synthesis and characterization of phosphine-functionalized nanogels, 
TPP@NG and BMOPPP@NG.  
In addition to the micelles M and core cross-linked micelles CCM with a P(MAA-co-
PEOMA) shell and a phosphine-functionalized core, both of them made by RAFT 
polymerization through the PISA approach in aqueous dispersed media, that have been 
described above in section II.5, we have also developed a third kind of architecture for 
polymer nanoparticles with a fully cross-linked hydrophobic core that we term nanogels (NG). 
The new NG polymers are quite similar in structure, size and composition to the CCM, but 
differ from the latter in one important point: while in the CCM the phosphine functions are 
located on flexible linear arms which are cross-linked only at the very central part of the 
hydrophobic core, the phosphine functions in the NG are located inside the cross-linked part, 
which extends to almost the entire hydrophobic core (see Figure II. 23). The different 
architectures are achieved by a different monomer feeding sequence.  
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Figure II. 23.  Architecture and synthesis for the NG particles.   
The first step of the NG syntheses is the same one described above for the synthesis 
of the TPP@M and TPP@CCM latexes (Scheme II. 7) and for the synthesis of the 
BMOPPP@CCM latex (Scheme II. 8), leading to the water soluble P(MAA15-co-PEOMA15)-
TTC macroRAFT agent. For the synthesis of the M and CCM latexes, the second step 
consists of the statistical copolymerization of S and a functionalized styrene (FS), which was 
then followed by a separate cross-linked step in the case of the CCM latex. For the synthesis 
of the new NG polymers, the functionalized styrene (FS: DPPS or BMOPPS), the DEGDMA 
cross-linker and the styrene “diluent” monomer where added simultaneously in the last step. 
Successful formation of well dispersed nanoparticles with narrow size-distribution required a 
first short chain extension of the macroRAFT agent by styrene (50 equivalents per chain) 
leading to PISA, in order to avoid macrogelation upon polymerization of the cross-linker. 
This strategy was successful when using only 15 equivalents of the FS per transfer agent, 
whereas using a greater proportion led to the formation of higher viscosity solutions 
containing larger particle aggregates. Thus, two new polymers have resulted from this 
synthetic effort, TPP@NG and BMOPPP@NG (see Table II. 4), as stable latexes.  
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Table II. 4.  Results of the one-pot RAFT emulsion polymerizations of styrene and DPPS in the presence of 
P(MAA-co-PEOMA)-TTC macroRAFT agent in water at 80°C and  natural pH. 
a Measured by SEC in THF using dn/dc=0.185 for step 2 (SEC traces, see Annexe Figure A. 7); b The conversion 
of styrene and DPPS was determined by 1H NMR and 31P NMR in THF-d8; c The theoretical molar mass of 
copolymers was calculated using the following equation: Mn,theo = ([M]0/[macroRAFT]0 × molar mass (MM) of 
monomer × conversion)/100 + Mn, macroRAFT; d For the determination of Dz in THF, the latex was concentrated 
before dilution in THF. 
Transmission electron micrographs of the nanogels revealed the particle spherical 
shape, the small and regular dimensions, and narrow size distributions, see Figure II. 24. 
Diluted dispersions could be analyzed by DLS, affording the Dz and PDI reported in Table II. 
4, which qualitatively agree with the dimensions visually observed by TEM. Like for the 
related CCM particles (cf. Table II. 3), the NG particle size increases significantly in THF 
where the core and the shell parts are solvated. 
   
Figure II. 24.  TEM images of TPP@NG (left) and BMOPP@NG (right).   
 
II.7.1 Swelling effect of NG latexes  
The NMR properties and swelling capacity of the NG are very similar to those 
previously established for the corresponding CCM. Only the main points are recalled here, 
Run 
Step 1 Step 2 Step 3 
Mn SECa 
(g mol-1) Ð
a DPn 
Mn theoc 
(g mol-1) 
Mn SEC a 
(g mol-1) Ð
a DPn 
[S]0/[FS] 
[DEGDMA]0 
Conv. (%)b 
Dz (nm) / PDId 
H2O THF 
TPP@NG 
15530 1.2 50 20741 18840 1.17 
350 325/15/10 99 86/0.2 188/0.15 
BMOPP@NG 350 325/15/10 98 99/0.23 236/0.23 
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with the relevant characterization spectra available in the Annexes. The large dimensions and 
insolubility of the particle core in water make this part of the polymer invisible by NMR 
unless the core is swollen with an organic solvent. Thus, the 1H NMR spectra of TPP@NG 
and BMOPPP@NG in D2O reveal only the resonances of the PEO chains (Annexes Figure 
A.8), while the 31P NMR spectra are silent. The outer shell backbone protons (MAA CH3, 
CH2 and CH protons and PEOMA backbone CH2 and CH protons) are also invisible, 
suggesting that they remain solidary with the hydrophobic core. All protons become visible, 
however, in THF-D8 (Annexes Figure A.9) showing that the low cross-linking density confers 
sufficient mobility to the full macromolecule like for the corresponding more flexible CCM. It 
is useful to recall (see Figure II. 23) that only 10 equivalents of cross-linker per chain, versus 
390 of divalent hydrophobic monomer (S and DPPS) are used for each equivalent of initiator. 
In other words, the cross-linking density in the hydrophobic core is only 1/40 of all 
hydrophobic monomers. The core phosphine functions become visible in the 31P{1H} NMR 
spectrum with a single resonance at δ -8.3 for TPP@NG and at δ -11.5 for BMOPPP@NG 
(Figure II. 25). These resonances are identical to those obtained under the same conditions for 
TPP@CCM-10 and BMOPPP@CCM, respectively.  
 
Figure II. 25.  31P{1H} NMR spectra of TPP@NG and BMOPP@NG in THF-D8.  
Addition of organic solvents (toluene, chloroform) that are immiscible with water but 
compatible with the particle polystyrene core results in nanoparticle swelling: the resonances 
of the core proton and P nuclei become observable in the 1H and 31P NMR spectra (Annexe 
Figures A.10 and A.11). Similarly to the behavior reported above in section II.5.3 for the 
CCM particles, the outer shell PEO resonances are split into two sets when the NG are 
swollen by toluene: a sharper one associated to the more mobile PEO chain in an aqueous 
environment and a broader one associated to less mobile chains placed inside the hydrophobic 
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core. Line deconvolution of the stronger PEO methylene resonance (see Figure II. 26) yields 
ratios for the water-solvated and toluene-solvated PEO chains of 37.9:62.1 in the TPP@NG 
particles and 22.0:78.0 in the BMOPPP@NG particles, showing that toluene swelling 
compatibilizes the major fraction of the PEO chains with the hydrophobic core. Similar 
results were obtained for the related CCM particles (30.3:69.7 distribution for TPP@CCM-10 
and 23.2:76.8 for BMOPPP@CCM). Rough integration of the free toluene aromatic and 
methyl resonances (accuracy is limited because of overlap with the broader polymer 
resonances) yields an estimate of 450-520 or 760-860 molecules of toluene per chain being 
incorporated in the swollen TPP@NG and BMOPPP@NG, respectively (cf. 770–950 for 
TPP@CCM-10 and 730-810 for BMOPPP@CCM). The two estimates in each case 
correspond to the integration of the aromatic and methyl proton resonances. Upon swelling 
with chloroform, on the other hand, the PEO chains remain essentially completely confined in 
the aqueous environment (Annexes Figure A.10). This behavior is, once again, identical to 
that of the CCM. Integration of the 1H NMR resonance suggests incorporation of ca. 930 
chloroform molecules per chain in the TPP@NG core (cf. ca. 2000 for TPP@CCM). The 
relatively low cross-linking density does not introduce dramatic constraints to significantly 
after the swelling capacity or the chain mobility and the partition of the shell PEO chains 
between the aqueous phase and the toluene-swollen core in the NG relative to the CCM.  
  
  
Figure II. 26. Excerpt of the 1H NMR spectra of TPP@NG and BMOPP@NG after swelling with toluene in the 
region of the methylene and methoxy PEOMA proton resonances, and deconvolution of the CH2 resonance.   
The NMR properties of the TPP@NG latex were also investigated at high pH (13.6), 
where the polymer hydrophilic shell is presumed completely deprotonated by adding a large 
amount of NaOH after swelling with toluene (details in the Experimental section), as 
aforementioned for TPP@CCM. The high pH does not affect the polymer-grafted TPP 
functions, as shown by 31P NMR which features a single resonance at the same chemical shift 
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as for the swollen latex at natural pH, stable in time. The 1H NMR spectrum is also essentially 
identical to that observe at the natural pH, both the unswollen and the toluene-swollen 
versions. As for the TPP@CCM latex, a peculiar point is that the shell block methacrylic 
methyl protons remain invisible, showing that these remain solidary with the insoluble core 
even at high pH (Annexes Figure A. 12). Even after swelling with toluene, the methacrylate 
monomer protons remain invisible, whereas they are clearly observable in THF-D8 (at δ 2.53, 
cf. Annexe Figure A. 8), thus the backbone of the hydrophilic shell remains rigid in the 
toluene-swollen particles even at high pH. In addition, the PEO proton resonances become 
more complex at pH 13.6, see Figure II. 27. Two populations clearly correspond to those 
observed at natural pH: the sharper resonance (at δ 3.58 for the stronger methylene resonance) 
attributed to the PEO chains freely moving in the water phase and the broader one (centered at 
δ 3.40 for the methylene resonance) due to the mobile PEO chains located inside the swollen 
core. A fit including a third Lorentzian function provides a better match with the experimental 
spectrum as shown in Figure II. 27. The relative ratio of the three fractions is 46.0:22.7:31.3 
for TPP@NG.  
 
Figure II. 27. Excerpt of the 1H NMR spectra of the toluene-swollen TPP@NG at pH 13.6, and deconvolution of 
the CH2 resonance. The experimental spectrum is shown twice, above by itself and below superimposed with the 
fit as the sum of three Lorentzian functions.  
The explanation of this phenomenon is similar to that given in section II.5.3 for the 
behavior of the toluene-swollen CCM at pH 13.6. Parts of the ethylene oxide units are 
involved in coordination of the sodium cations introduced to balance the charge of the 
deprotonated methacrylic acid. This suggests, once again, a partitioning of the toluene-
swollen particles in three distinct regions at high pH (see II.5.4): two mobile phases, the outer 
aqueous solution and the inner swollen core, separated by a less mobile zone containing the 
MAA15-co-PEOMA15 backbone (see Figure II. 12). The distribution of PEO chains among the 
104 
water phase and the particle core (combining the free and Na-coordinated fractions for the 
PEO residing in the core at pH 13.6), obtained from the deconvolution in Figure II. 27, is 
close to that obtained at the natural pH. The NMR investigation at high pH was not performed 
on the BMOPP@NG latex, because the nature of the phosphine should not be a important 
factor to influence the structuring of the NG core-shell interface. 
 
II.8 Conclusions 
We have introduced a new catalytic tool for application to biphasic catalytic 
transformations, based on the principle of micellar catalysis but replacing the micelle with a 
core-cross-linked unimolecular nanoreactor. The nano-objects are assembled by a convenient 
and scalable one-pot process in three steps and obtained as latex directly usable in catalysis. 
Physico-chemical investigations have demonstrated the particle uniformity, the latex stability, 
and facile mass transport of organic molecules across the hydrophilic barrier. Replacement of 
DPPS with 4-[bis(p-methoxyphenyl)phosphino] styrene in our optimized synthesis of CCM 
by emulsion RAFT polymerization leads to the successful fabrication of functionalized 
nanoreactors containing covalently linked BMOPPP ligands in the hydrophobic core, 
although incorporation of this ligand functionalized monomer is limited by its low solubility 
in styrene. These BMOPPP@CCM nanoreactors show the same behavior as the TPP@CCM 
in terms of core swelling. Successful CCM synthesis was also accomplished with a sulfur-
protected (PS,SPh) ligand monomer while the desulfuration process should be further 
ameliorated. Less lipophilic PNAM and PAA macroRAFT agents have not successfully 
provided TPP@CCM latexes by incorporation of a DPPS/S mixture in the hydrophobic core. 
However, a well-defined Py@CCM was synthesized starting from the PNAM macroRAFT 
agent. Finally, well-defined nanogel (NG) polymers with similar structure, size and 
composition to the CCM were developed. In these NG particles, the phosphine sites are 
located inside the cross-linked part, which extends to almost the entire hydrophobic core. Full 
characterization both at natural pH and at high pH provides useful information for 
understanding the metal migration between particles in the latex, which will be discussed in 
detail in chapter III. 
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Chapter III 
Coordination studies and exchange processes 
 
III.1 Introduction. 
The mechanism of ligand exchange has long been a topic of interest for coordination 
chemists.[1–3] Ligand exchange dynamics is of importance in all catalytic processes, whether 
industrially or biologically relevant. Ligand exchange in square planar d8 complexes has 
specially occupied a dominant position, given the large number of catalytic reactions 
promoted by d8 metal centers such as RhI, IrI, NiII, PdII, PtII and AuIII.  
The principle pathways for ligand substitution may be summarized as four 
recognized mechanisms in inorganic chemistry: 1) Associative 2) Dissociative 3) Associative 
Interchange (IA) 4) Dissociative Interchange (ID). Associative and Dissociative differ from IA 
and ID respectively in that there is a discrete intermediate of higher or lower coordination. 
Sixteen-electron, d8 square planar complexes generally undergo ligand substitution via an 
associative mechanism (the M-Nu bond is formed before the M-X bond breaks). The 
intermediate has an 18e- configuration and therefore provides a lower energy route to the 
product than a 14e- intermediate formed via dissociative substitution (i.e. when the M-X bond 
is fully broken before the M-Nu bond begins to form). Typical characters for Associative: i) 
the substitution rates depend on starting complex and incoming ligand concentration; ii) the 
rate constant is sensitive to the nature of L’ (but solvent effects can sometimes mask this); iii) 
it is more likely for low coordination number complexes. 
Dissociative ligand substitution is most favored in coordinatively saturated 18e- 
complexes (e.g. d10 tetrahedral, d6 octahedral). In the dissociative mechanism, the M-X bond 
is fully broken before the M-Nu bond forms thereby avoiding an energetically unfavorable 
20e- intermediate. Typical criteria for Dissociative: i) the substitution rates depend only on 
the concentration of the starting complex MLn; ii) the rate constant is insensitive to the nature 
of the incoming ligand L’; iii) it is more common for high coordination number complexes.  
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Interchange mechanisms, i.e. concerted reactions with no discrete intermediate of 
higher or lower coordination number, occur more commonly than true A or D mechanisms. IA 
has both leaving and entering ligands strongly bound in the transition state (TS) and shows 
sensitivity to the nature and concentration of L’. ID has both leaving and entering ligands 
weakly bound in the TS and shows little sensitivity to the identity or concentration of L’.  
Most of the ligand exchange investigations for square planar 16-electron complexes 
have dealt with PtII complexes, given their relative inertness and stereochemical stability that 
bring the reactions within a suitable half-live range for convenient studies by classical mixing 
and monitoring methods.[3] These studies indicate that the mechanism is either associative or 
IA. Ligand exchange in RhI complexes has been studied to a lesser extent. It is nevertheless 
well appreciated that it occurs predominantly via an associative pathway, like for the other d8 
systems and as anticipated by the “16 and 18 electron” rule.[4] For instance, NMR 
investigations on [RhCl(COD)(L)] (COD = 1,5-cyclooctadiene; L = PPh3, AsPh3) in the 
presence of excess L have revealed coalescence for the free and coordinated L signals on the 
NMR timescale because of associative (first order in free L) ligand exchange. Furthermore, 
fast exchange still occurs in the absence of free L through monomer-monomer interactions.[5] 
A very rapid ligand exchange process was also observed for [Rh(acac)(CO)(PPh3)] (acac = 
acetylacetonate) in the presence of a second equivalent of free PPh3.[6] 
Our work on hydroformylation using Rh complexes supported on phosphine-
functionalized CCM and NG nanoreactors, that will be detailed in Chapter IV, has led to the 
discovery of interesting phenomena such as fast mass transport, fast metal exchange between 
different nanoreactors and activated catalyst protection from extended exposition to air. In 
relation with these studies, we have been drawn to explored double exchange processes on 
model molecular compounds, where one phosphine ligand (P1) bonded to one type of Rh 
complex (Rh1) exchanges with a second phosphine ligand (P2) bonded to a second type of Rh 
complex (Rh2), see Eq. III. 1. 
Eq. III. 1  Rh1-P1  +  Rh2-P2 ⇆  Rh1-P2  +  Rh2-P1   
 In the first part of this chapter, we present the results of our investigations on the 
model system using the regular (non polymer-supported) phosphine ligands since they 
provide interesting information on the coordination chemistry of rhodium and notably on the 
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mechanism of ligand exchange involving both neutral and anionic bidentate ligands. 
Subsequently, we will detail the metal coordination to the polymer-supported phosphine 
ligands and the corresponding intraparticle and interparticle ligand exchange processes under 
different pH conditions.   
 
III.2 The phosphine double exchange process with molecular model system. 
In order to conveniently follow the double exchange reaction described in Eq. III. 1 
by NMR spectrometry, we searched for a combination of two Rh systems and two phosphine 
ligands allowing us to individually detect all four compounds in the mixture, at least by the 
better resolved 31P NMR technique. The suitable combinations were identified as 
[RhCl(COD)(L)] and [Rh(acac)(CO)(L)] with L = PPh3 (TPP) and P(C6H4-4-OMe)3 (tris(4-
methoxyphenyl)phosphine, or TMOPP), see Eq. III. 2, because their 31P{1H} resonances are 
in well distinct regions of the spectrum (see Table III. 1).  
Eq. III. 2  [RhCl(COD)(TPP)] + [Rh(acac)(CO)(TMOPP)]  [Rh(acac)(CO)(TPP)]  +  RhCl(COD)(TMOPP)] 
 
Table III. 1  31P{1H} NMR resonances (δ, with JPRh in parentheses) of Rh complexes in CDCl3.  
Ligand [RhCl(COD)(L)] [Rh(acac)(CO)(L)] 
PPh3 (TPP) III.1: 30.68 ppm (150.6 Hz)a  III.3: 48.67 ppm (175.0 Hz)b  
P(C6H4-4-OMe)3 (TMOPP) III.4: 27.00 ppm (149.4 Hz)c III.2: 44.14 ppm (173.7 Hz)d 
a Lit.: δ 31.3, JPRh = 150.1 Hz.[7] b Lit.: δ 48.6, JPRh = 179.7 Hz.[8] c Lit.: δ 27.7, JPRh = 148.7 Hz.[7] d Lit.: δ 43.5, 
JPRh = 175.6 Hz.[9]  
 
The double exchange process in Eq. III. 2 was investigated by mixing [RhCl(COD) 
(TPP)], III.1, and [Rh(acac)(CO)(TMOPP)], III.2, in CDCl3. Relevant 31P NMR spectra are 
collected in Figure III. 1. The evidence demonstrate that the double phosphine exchange 
process is very rapid, an essentially equilibrated 1:1:1:1 mixture of the four compounds being 
obtained rapidly after mixing, spectrum Figure III. 1(c). Additional resonances, however, are 
already visible after 30 min in the δ 32-23 region and increased slowly, indicating the 
formation of some additional products in the presence of these four compounds. 
III.1                                      III.2 III.3                                      III.4 
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Figure III. 1  31P{1H} NMR spectra recorded related to the reaction between [RhCl(COD)(TPP)], III.1, and 
[Rh(acac)(CO)(TMOPP)], III.2, solvent = CDCl3, room temperature. (a) complex III.1; (b) complex III.2; (c-e), 
1:1 mixture, spectra recorded after the indicated time from mixing. 
 
Further evolution of the mixture at room temperature led to the essentially complete 
disappearance of the resonances of the four above-mentioned complexes to form the 
additional products, indicating the irreversibility of this process. Crystallization of the final 
solution by pentane vapour diffusion led to the deposition of a crystalline solid that, after 
redissolution into CDCl3, afforded the 31P{1H} NMR spectrum shown in Figure III. 2. A 
remarkable feature of this one-dimensional 31P NMR spectrum was that it was a highly 
symmetric system, thus, we initially believed that we had obtained a single product.  
 
Figure III. 2  31P{1H} NMR spectrum (CDCl3) of the solid crystallized after the complete reaction between III.1 
and III.2. 
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Figure III. 3  31P-31P-COSY spectrum of the solution resulting from the [RhCl(COD)(TPP)] [Rh(acac)(CO)-
(TMOPP)] reaction in CDCl3. 
 
To verify this hypothesis, a two-dimensional 31P-31P COSY NMR analysis was 
carried out. This analysis was carried out on the reaction mixture before quantitative 
disappearance of the complexes III.1-III.4. The result shown in Figure III. 3, indicated that 
the two doublets indicated as (III.5) and (III.6) have no relationship with each other or with 
any of the other resonances, indicating that the product is a mixture. The presence of cross-
peaks between all other residual resonances shows that they are related to only one compound, 
indicated as (III.7), and not to a more complex mixture. Subsequent P-Rh HMQC and HSQC 
analyses with better resolution (Figure III. 4 and Figure III. 5) allowed the assignment of the 
31P and 103Rh NMR resonances of the metal centre and P atoms. Specifically, two different Rh 
centers are shown to correlate with the two isolated P systems (III.5) and (III.6), consistent 
with the previous conclusion from the independent 31P-31P COSY NMR analysis. A third type 
of Rh center correlates with all resonances of system III.7. This is coupled to two different P 
nuclei while the two P nuclei are additionally coupled to each other to yield an AB system, 
further split by coupling of each P nucleus to Rh, on the 31P axis of the HMQC and HSQC 
spectra.  
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In conclusion, the mixture consists of three different compounds observable by 31P 
NMR spectroscopy: one (III.5) with δ(31P) = 28.97, δ(103Rh) = -8236 and JPRh = 124.7 Hz, a 
second one (III.6) with δ(31P) = 24.76, δ(103Rh) = -8216 and JPRh = 123.9 Hz, and a third one 
(III.7) characterized by an ABX (P2Rh) system in the 31P spectrum with δ1(31P) = 29.90, 
δ2(31P) = 24.82, δ(103Rh) = - 8226, JP1Rh = 125.0 Hz, JP2Rh = 126.5 Hz and JP1P2 = 361.3 Hz. 
Elucidating the nature of these products required additional experiments, described in the next 
section.  
 
Figure III. 4  31P-103Rh-HMQC spectrum of the solution resulting from the [RhCl(COD)(TPP)]- [Rh(acac)(CO) 
(TMOPP)] reaction in CDCl3.  
III.5 
III.6 III.7 
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Figure III. 5  31P-103Rh-HSQC spectrum of the isolated crystalline solid from the [RhCl(COD)(TPP)] (III.1)-
[Rh(acac)(CO)(TMOPP)](III.2) reaction in CDCl3. The red and blue resonances have positive and negative 
intensities, respectively. 
 
III.3 Investigation of the products with simpler exchange processes on Rh 
complexes 
III.3.1 Ligand exchange between Rh complexes 
In order to determine the precise nature of products III.5, III.6 and III.7, additional 
experiments were carried out by mixing, on one hand, pairs of Rh complexes having the same 
ligand set except the phosphine (i.e. III.1 and III.4 and separately III.2 and III.3) and, on the 
other hand, pairs of Rh complexes having different ligand set and the same phosphine (i.e. 
III.1 and III.3 and separately III.2 and III.4). The former two experiments did not lead to any 
spectral evolution, whereas the latter ones led to the evolutions illustrated in Figure III. 6 and 
Figure III. 7. The reaction between III.1 and III.3 led selectively to the resonance of 
compound III.5 (Figure III. 6), whereas that between III.2 and III.4 led selectively to the 
resonance of compound III.6 (Figure III. 7). The formation of compound III.5 is already 
quantitative after mixing and immediately recording the spectrum, the resonance of III.1 at δ 
30.68 (Figure III. 6) having completely disappeared. A small residual resonance of III.3 at δ 
III.6 
III.7 
III.5 
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48.67 remains present because this compound was used in slight excess. The formation of 
compound III.6 from III.2 and III.4 was much slower, since the resonances of both reagents 
are not consumed immediately (Figure III. 7a) and are still visible at small intensity after 24 h 
(Figure III. 7b). Both III.5 and III.6 were isolated from the final mixtures by crystallization. 
Comparison with the literature[10,11] indicated that they correspond to trans-[RhCl(CO)(TPP)2] 
and trans-[RhCl(CO)(TMOPP)2], respectively. The identity of III.6 was further confirmed by 
determination of the unit cell parameters of a single crystal, which matched with those 
reported for [RhCl(CO)(TMOPP)2].[12] The full spectral characterization of III.5 and III.6 
(see experimental section) also included the 13C{1H} NMR, which has apparently not been 
previously reported. The carbonyl C atom gives a complex multiplet, due to coupling to the 
103Rh and the two equivalent 31P nuclei, around δ 187 for both compounds but the spectra are 
distinguished by the different pattern for the aromatic C atoms and by the resonance of the 
OMe C atom at δ 55.4 for compound III.6.  
 
Figure III. 6  31P{1H} NMR spectra recorded related to the reactions between III.1 and III.3. Solvent = CDCl3, 
room temperature. (a) Immediately after mixing. (b) Redissolved crystallized product. 
 
Figure III. 7  31P{1H} NMR spectra recorded related to the reactions between III.2 and III.4. Solvent = CDCl3, 
room temperature. (a) Immediately; (b) after 24 h; (c) redissolved crystallized product. 
2030405060 δ/ppm
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The identification of the trans-[RhCl(CO)L2] products in these simpler experiments 
implies the simultaneous formation of [Rh(acac)(COD)] (III.8), Eq. III. 3 (L = TPP or 
TMOPP). Clearly, when the phosphine exchange is carried out on the mixture of both systems 
(L = TPP and TMOPP, as in Figure III. 1), the mixed phosphine derivative 
[RhCl(CO)(TPP)(TOMPP)] can also be generated by rapid phosphine exchange. This mixed 
phosphine complex must therefore correspond to product III.7 (Eq. III. 4).  
Eq. III. 3 [RhCl(COD)(L)] + [Rh(acac)(CO)(L)]  [RhCl(CO)(L)2] + [Rh(acac)(COD)]   
Eq. III. 4 [RhCl(CO)(TPP)2] +  [RhCl(CO)(TMOPP)2]  ⇆  2 [RhCl(CO)(TPP)(TMOPP)]   
 
 
Scheme III. 1  Summary of the observed exchange processes. 
 
The experimental study of this phenomenon was completed with the identification of 
the by-product III.8. Since this compound is P-free, its detection could only rest on the 1H 
and 13C NMR properties. After removal of most of the less soluble [RhCl(CO)(L)2] co-
products by crystallization, the residual solution indeed exhibited spectra properties as 
indicated by the characteristic doublet (δ 76.24, JCRh = 14 Hz) of the metal-bonded COD 
carbon atoms, which is in agreement with those reported for III.8 ( cf. 76.76).[13,14] The 
observed ligand exchange processes can therefore be summarized as shown in Scheme III. 1, 
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where the first very rapid double exchange process A is followed by a slower process B that 
involves the exchange of the other ligands. This second process is faster when run selectively 
on compounds III.1 and III.3 and slower when involving III.2 and III.4 or the mixture of the 
four compounds. 
Several mixed phosphine complexes of type [RhCl(CO)(L1)(L2)], but not compound 
III.7, have previously been reported. Their 31P NMR properties closely parallel those reported 
here for III.7. They have been obtained, however, by phosphine exchange processes from 
[RhCl(CO)(L1)2] and free L2, therefore only in a phosphine-rich environment.[15] These 
reactions were described as very fast associative processes, whereas the process described 
here entails phosphine exchange from a Rh complex to another, accompanied by 
simultaneous rearrangement of the other ligands and notably bidentate ones. The exchange of 
bidentate ligands between two different RhI complexes has not been the subject of extensive 
investigations.  
III.3.2 Ligand exchange between Rh and Ir complexes 
A final experiment consisted of running the same reaction as in Eq. III. 3 (L = TPP) 
except that one complex contained Rh, III.1, whereas the other one contained Ir, 
[IrCl(COD)(TPP)] III.9. The latter complex was generated in situ by adding one equivalent of 
TPP per Ir atom to compound [IrCl(COD)]2. This experiment was expected to lead to either 
the products of Eq. III. 5 or to those of Eq. III. 6, depending on the way in which the ligands 
are exchanged. Exchanging the neutral ligands (CO and TPP on the Rh complex with COD on 
the Ir complex) yields the products of Eq. III. 5, whereas exchanging the anionic ligands (acac 
on the Rh complex with Cl and TPP on the Ir complex) leads to the products of Eq. III. 6. 
Thus, the results of this experiment provide useful information on the ligand exchange 
mechanism.  
Eq. III. 5  [Rh(acac)(CO)(TPP)] + [IrCl(COD)(TPP)]  [Rh(acac)(COD)]  + [IrCl(CO)(TPP)2] 
                     III.1                                         III.9                               III.8                       III.10 
 
Eq. III. 6  [Rh(acac)(CO)(TPP)] + [IrCl(COD)(TPP)] [Ir(acac)(COD)]  +  [RhCl(CO)(TPP)2] 
                     III.1                                         III.9                               III.11                       III.5 
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The 31P{1H} NMR results of this experiment are shown in Figure III. 8. After 7 h at 
room temperature, the starting material resonances are still visible (doublet at δ 48.67 with 
JPRh = 175.0 Hz for III.1 and singlet at δ 21.93 for III.9. However, a new singlet at δ 24.20 
can be assigned to III.10, the expected phosphine-containing products of Eq. III. 5 (cf. lit. 
23.40 in CDCl3[11]) and a new small doublet at δ 29.27 (JRhP = 126.8 Hz) can be assigned to 
III.5, the expected product of Eq. III. 6. This evidence suggests that both types of ligand 
exchange are taking place. The integrated intensities of III.10 and III.5 are in a 2.8:1 ratio. 
The 13C{1H} spectrum confirmed the occurrence of both types of ligand exchange with the 
presence of both III.8[13,14] and III.11,[16] as indicated by the characteristic resonances of the 
metal-bonded COD carbon atoms: doublet at δ 76.24 (cf. 76.76)[13,14], JCRh = 14 Hz for III.8 
and singlet at δ 58.87 (cf. 59.3)[16] for III.11 (Figure III. 9). The intensity of the III.8 
resonance is greater than that of III.11 by a factor of 15.0. Since the reaction was carried out 
with equimolar amounts, the III.10/5 and III.8/11 ratios should be identical, but identical 
intensity ratios are not to be expected because the NMR integration for the Overhauser-
enhanced resonances of the slow-relaxing 31P{1H} and 13C{1H} nuclei does not carry 
quantitative information. The proton environment of these nuclei in the two compounds 
should be rather similar, suggesting that the Overhauser effect may not be significantly 
different in each pair of related compounds. However, the relaxation times could be 
significantly different because in one case the observed nucleus is bonded to a magnetically 
dipolar 103Rh nucleus, whereas in the other case it is bonded to a quadrupolar (I = 3/2) Ir 
nucleus. In order to reconcile the different observed intensities, we must consider that the 
resonance intensity of the Rh complex is underestimated relative to that of the Ir complex in 
at least one (but probably both) of the NMR spectra. At any rate, the two NMR measurements 
consistently indicate that the exchange proceeds preferentially through Eq. III. 5 by a factor 
bracketed by the lower (31P{1H}) and upper (13C{1H}) integrated intensity limits of 2.8 and 
15.0.1  
                                                          
1 The 31P{1H} and 13C{1H} spectra were recorded with standard parameters of acquisition time and relaxation 
delay. More quantitative information on the compound ratios could be obtained through use of coupled spectra 
(or gated decoupling conditions) and increased relaxation delays. However, the additional effort involved would 
not change the qualitative conclusion of this study. It would be fully justified for a more detailed kinetics 
investigation. 
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Figure III. 8  31P{1H} NMR spectra related to the reaction between III.1 (blue spectrum) and III.9 (red 
spectrum). The violet spectrum was recorded 7h after mixing. Solvent = CD2Cl2, room temperature. The starred 
resonance corresponds to a Ph3PO impurity. 
 
Figure III. 9.  13C{1H} NMR spectrum of the solution resulting from the [Rh(acac)(CO)(TPP)]-[IrCl(COD)(TPP)] 
reaction in CD2Cl2. The excerpt shows the region between 50 and 80 ppm with the integrated intensities of the 
COD sp2 C atoms of the [M(acac)(COD)] (M = Rh, Ir) products. 
 
Hence, the reaction occurs through both mechanisms, but the neutral ligand exchange 
pathway prevails. It relevant to note that the exchange of Cl and acac ligands between 
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different metals is not unprecedented, being reported for the exchange between various 
M(acac)2 and M’Cl2 complexes (M, M’ = Mg, V, Fe, Co, Ni, Zn, ...), leading in many cases to 
the observation of bimetallic intermediates.[17–19]  
 
III.4 Proposed mechanism of the ligand exchange processes  
It is of interest to speculate on the mechanism of the slow bidentate ligand exchange 
processes of Eq. III. 3 and Eq. III. 5/Eq. III. 6. The redistribution, which will be represented 
for a generic phosphine ligand L, must involve either exchange of neutral ligands – a 
cyclooctadiene on the M complex, where M = Rh for Eq. III. 3 or Ir for Eq. III. 5/Eq. III. 6, 
with L and CO on the other Rh complex – or exchange of the anionic ligands – acac on the Rh 
complex with Cl, accompanied by L, on the M complex. In order to experimentally 
distinguish the two possibilities for the Rh-only system of Eq. III. 3, it would be necessary to 
carry out an isotope labelling experiment where the label is on the metal atom, which is 
impossible with naturally occurring isotopes because the metal is 100% 103Rh. However, a 
related reaction where one compound was labelled using the Ir congener (Eq. III. 5/Eq. III. 6), 
showed the occurrence of both exchange pathways. Obviously, this result only proves that the 
mixed metal system is able to follow both exchange pathways. The Rh-only system of Eq. III. 
3 could undergo the slow bidentate ligand exchange by only one of the two possible schemes. 
However, it seems reasonable to extrapolate the result of the mixed-metal system to the Rh-
only system. Importantly, the operating mechanism must be able to rationalize the large rate 
difference observed when L = TPP or TMOPP.  
III.4.1 Mechanism of the neutral ligand exchange 
We start by analyzing the “neutral ligand exchange” pathway. The system does not 
contain any free neutral ligand capable of triggering an associative exchange pathway, since 
the solvent chloroform has no significant coordinating properties. As mentioned in the 
introduction, ligand exchange processes in RhI complexes are generally associative, but a few 
examples where the metal reactivity (ligand exchange or other) is triggered by ligand 
dissociation exist, including dissociation of N2 trans to an aryl group[20] and SiPr2 trans to an 
amido donor.[21] The dynamic behaviour of complexes [RhX(PPh3)3] (X = Cl, CF3, H, CH3, 
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Ph) is a peculiar example of a dissociative self-exchange process.[22] All these processes, 
however, deal with monodentate ligands.  
 
Scheme III. 2  Possible mechanism for the neutral ligand exchange leading from [MCl(COD)L] and 
[Rh(acac)(CO)L] to [Rh(acac)(COD)] and [MCl(CO)L2] (M = Rh, Ir). 
 
A reasonable dissociative pathway for the exchange of neutral ligands may be 
conceived as shown in Scheme III. 2. Given the known trends of trans effects, of ligand bond 
dissociation energies and of chelating effects, the most likely initial dissociation is that of L 
trans to one of the COD double bonds in complex [RhCl(COD)L] yielding intermediate A, 
but this process in unproductive. Dissociation of L trans to one acac O atoms in the other 
reaction partner yields intermediate B. Next, compound [RhCl(COD)(L)] may react with 
additional L, generated during the reversible formation of either A or B, to open the COD 
chelate and yield intermediate C, possibly via an associative pathway. This intermediate may 
then react with B to afford the COD-bridged bimetallic complex D. There are many ways in 
which this exchange may further proceed to the final products, but the important points are 
the formation of the bimetallic intermediate and the initial dissociation of L. On the basis of 
this hypothesis, the observed trend of reactivity (much faster rate when L = TPP) appears 
consistent with the literature. Indeed, through calorimetric studies, Nolan et al. reported that 
the reaction between [RhCl(COD)]2 and L to yield [RhCl(COD)L] is more favourable for 
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TMOPP (58.7±0.3 kcal/mol) than for TPP (51.7±0.3 kcal/mol).[23] Hence, the dissociation of 
TMOPP from RhI is expected to be much slower than that of TPP.  
III.4.2 Mechanism for the anionic ligand exchange 
Turning now to the “anionic ligand exchange” pathway, it is clear that a process 
involving dissociation of the anionic ligands and charge separation would be difficult, 
especially in a low polarity solvent such as chloroform. An associative processes, however, 
seems feasible. It is also possible that the association via formation of bridged dinuclear 
intermediates is triggered by dissociation of a neutral ligand. This is suggested by the 
literature report of rapid halide scrambling between [RhBr(CO)(TPP)2] and 
[IrCl(CO)(TPP)2].[15] The dynamic exchange on the 1H NMR timescale of the two 
inequivalent halves of the COD ligand in compound [RhCl(COD)L] (L = PPh3, AsPh3), 
which is kinetically second order in metal complex, might also involve halide-bridged 
intermediates.[5] We can thus propose that the first step of the reaction between 
[RhCl(COD)L] and [Rh(acac)(CO)L] is formation of a dinuclear halide bridged complex (E 
in Scheme III. 3) with elimination of a ketone group of the acetylacetonate, which rearranges 
to monodentate coordination. The associative pathway is shown in Scheme III. 3, but the 
dissociative variant would of course lead to the same result. The alternative exchange 
(associative or dissociative) of a phosphine ligand, leading to a similar dinuclear complex E’, 
seems also possible but would be unproductive. In order to satisfy first principles, all 
elementary steps envisaged for this “anionic ligand exchange” mechanism are such that they 
produce neutral systems (i.e. no charge separation) and maintain a square planar configuration 
around each RhI center in all intermediates. Although pentacoordination is possible in RhI 
chemistry, square planar complexes are preferred when potentially π donor atoms such as Cl 
or O are present in the coordination sphere. Thus, in intermediate E, for instance, the positive 
charge of the Rh atom on the left hand side is saturated by the covalent interaction with the 
bridging Cl atom, whereas the bond of this Cl atom to the Rh center at the right is dative. The 
charge of the Rh atom on the right hand side is saturated by the enolate of the monodentate 
acac ligand. In the next step, the Cl and acac ligand swap positions through an exchange 
reaction that involves attack of the Rh atom on the left hand side by the lone pair of the free 
acac carbonyl function, as suggested in Scheme III. 3, for a net charge change of zero and 
formation of intermediate F. From here onward, it is easy to see how the exchange may 
continue, with either associative or dissociative processes, to complete the ligand exchange.  
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The O atoms in [Rh(acac)(CO)L] are also centers of nucleophilic reactivity. 
Therefore, it is possible in principle to envisage another anionic ligand exchange pathway, 
starting with attack of a rhodium complex by one O lone pair of the acac ligand in the second 
complex. However, compounds of type [Rh(acac)(CO)L] have been reported not to lead to 
coalescence of the asymmetric acac resonances,[24] even upon warming, although the 
phenomenon is observed in the presence of excess L.[8] This suggests that ligand exchange by 
self-association, if it occurs, is a slower process for [Rh(acac)(CO)L] than for  [RhCl(COD)L].   
 
Scheme III. 3.  Possible mechanism for the anionic ligand exchange leading from [MCl(COD)L] and 
[Rh(acac)(CO)L] to [M(acac)(COD)] and [RhCl(CO)L2] (M = Rh, Ir). 
Note that the first two exchange processes in the “anionic ligand exchange” pathway 
up to intermediate F do not involve L dissociation, therefore they do not account for the 
marked reactivity difference in rate when L = TPP or TMOPP. L dissociation only occurs in 
the further steps going from F to the products. Therefore, the pathway of Scheme III. 3 can be 
reconciled with the experimentally observed trend only if intermediate F is generated by fast 
pre-equilibrium processes, relative to the L dissociation process which occurs in a later step 
and would be rate limiting.  
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Finally, it is necessary to comment on the difference in rate between Eq. III. 3 when 
L = TPP, which is very rapid as shown in Figure III. 6, and Eq. III. 5/Eq. III. 6 where the 
ligand is again TPP, which is on the other hand much slower. This difference may be 
explained by the stronger Ir-ligand bonds relative to the corresponding Rh-ligand bonds. For 
the “neutral ligand exchange” pathway of Scheme III. 2, the initial TPP dissociation would 
not be discriminating since it always occurs on the Rh complex, but the COD dissociation 
step leading to intermediate C is likely much slower for the iridium complex. For the “anionic 
ligand exchange” pathway of Scheme III. 3, it is the Ir-TPP bond dissociating in one of the 
later rate-limiting steps that would make the difference in the observed exchange rates.  
III.4.3 Conclusion on the ligand exchange processes 
The rapid phosphine double exchange of Eq. III. 2, using the III.1/III.2 combination, 
has unveiled an unexpected side reaction consisting of the slow exchange of the bidentate 
ligands, leading to the formation of III.8 and a statistical mixture of III.5, III.6 and III.7. 
Control experiments involving the reactions between [RhCl(COD)(L)] and [Rh(acac)-
(CO)(L)] for L = TPP or TMOPP (Eq. III. 3), as well as involving the mixed-metal system 
III.1 and III.9 (Eq. III. 5/Eq. III. 6), have provided useful information on the mechanism of 
this process. It has been demonstrated that both the neutral ligands (bidentate COD with CO 
and L) and the anionic ligands (bidentate acac with Cl and L) can be exchanged, at least for 
the mixed-metal system. 
 
III.5 Metal coordination inside the nanoreactors.   
Molecular dynamics in colloidal dispersions has been intensively investigated, 
notably in relation to Ostwald ripening leading to emulsion coarsening,[25,26] but there are still 
open questions on the mechanism at the molecular level. For instance, a new mechanism in 
addition to droplet fusion (coalescence) and molecular exchange through the continuous 
phase (Ostwald ripening) has been recently demonstrated.[27] This new mechanism, termed 
“contact ripening”, involves molecular exchange between two droplets only upon contact, 
without leading to coalescence.  
130 
The dispersed droplets in a continuous fluid phase can be reduced in size using high 
concentrations of a low molar mass surfactant to yield micelles, more or less swollen by the 
dispersed phase. Reducing the amount of dispersed phase to the zero limit leaves a dispersion 
of unswollen micelles. One important property of micellar dispersions, whether swollen or not, 
is the dynamic exchange with free surfactant molecules. A colloidal dispersion is therefore a 
very complex medium with migration of both surfactant molecules and dispersed phase 
molecules from droplet to droplet and to the continuous phase.   
A simplification of this system can be achieved by moving from low molar mass 
surfactants to amphiphilic macromolecules and then further by cross-linking the arms together, 
turning the self-assembled multimolecular object into a unimolecular version. This removes 
any dynamic exchange of the amphiphilic molecules while it retains the possibility of hosting 
a dispersed phase, although the swelling capacity becomes physically limited. The 
unimolecular core-shell polymers the synthesis of which has been described in Chapter II 
provide the ideal objects in this respect. Physical chemistry studies of colloidal dispersions of 
unimolecular nano-objects of this kind are in their infancy and dynamic processes of small 
molecules contained inside such nano-objects have not been addressed to the best of our 
knowledge. We do so here, using our phosphine-containing CCM and NG polymers and 
rhodium coordination compounds.  
The investigations presented here were stimulated by our desire to understand the 
origin of the metal leaching observed during our catalytic applications with our CCM 
nanoreactors. A small but non negligible concentration of Rh, down to 1.7 ppm, was 
measured in the recovered organic phase and remained approximately constant in subsequent 
recycles with the same catalyst batch (see more details in Chapter IV).[28] One of the 
envisaged possibilities is that the rhodium complexes could be lost from the nanoreactor core 
in a molecular form. The coordination chemistry studies reported here were meant to probe 
the occurrence of this phenomenon. 
The polymers used for these studies are the phosphine-functionalized CCM and NG 
described in Chapter II, where the anchored phosphine is either TPP or BMOPPP. For 
comparison with the model molecular studies described in the previous sections of this 
chapter, BMOPPP has a minor difference in terms of one aryl group relative to TMOPP. 
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However, this was presumed as not significant for later comparison. For convenience, the 
polymers that have been used for the metal coordination study are summarized in Table III. 2.  
Table III. 2  Polymer latexes used for metal coordination. CCM: HOOCCH2CH2C(CN)(Me)-[MAA15-co-
PEOMA15]-b-[S(300-x)-co-(FS)x]-b-[S90-co-DEGDMA10]-SC(S)SPr; NG: HOOCCH2CH2C(CN)(Me)-[MAA15-co-
PEOMA15]-b-S50-b-[S325-co-(FS)15-co-DEGDMA10] (FS = functionalized styrene: DPPS for TPP@CCM and 
TPP@NG; BMOPPS for BMOPPP@CCM and BMOPPP@NG). 
 FS x Dz (nm) / PDI Solid (%) 
[FS] 
(mmol/ml) H2O THF 
TPP@CCM-5 DPPS 15 100/0.28 163/0.07 25.6 0.060 
TPP@CCM-10 DPPS 30 106/0.24 220/0.07 28.1 0.12 
TPP@CCM-25 DPPS 75 73/0.09 235/0.20 27.4 0.29 
BMOPPP@CCM BMOPPS 15 81/0.16 216/0.20 25 0.058 
TPP@NG DPPS 15 86/0.20 188/0.15 27.8 0.068 
BMOPPP@NG BMOPPS 15 99/0.23 236/0.23 27.9 0.058 
 
III.5.1 Coordination of [Rh(acac)(CO)2] to TPP@CCM 
After establishing that the mass transport of small molecules (such as solvents, e.g. 
chloroform or toluene, and the hydroformylation substrate and product, e.g. 1-octene and n-
nonanal) is very rapid (see Chapter II, section II.5.3), the next question of interest, addressed 
once again by NMR spectroscopy, was whether the nanoreactors can be charged with the 
desired pre-catalyst. In this section, we focus firstly on the common hydroformylation pre-
catalyst, [Rh(acac)(CO)2] and on the TPP@CCM particles. Identical results were obtained 
regardless of the amount of TPP incorporated in the polymer (i.e. TPP@CCM-5, TPP@CCM-
10 or TPP@CCM-25). In order to transfer the precatalyst to the polymer core for the purpose 
of the NMR investigations, it was necessary to pre-swell the core with either chloroform or 
toluene. Indeed, when the pristine (unswollen) latex was treated with a relatively concentrated 
[Rh(acac)(CO)2] solution, we observed rapid crystallization of the complex while the organic 
liquid phase disappeared due to migration into the polymer core. This indicates that the 
migration of the organic solvent toward the nanoreactors core is faster than that of the metal 
complex. Treatment of the swollen latex with the same solution, on the other hand, resulted in 
the complete transfer of the yellow color from the organic phase to the aqueous phase upon 
stirring for a few minutes at room temperature. The 31P{1H} NMR analysis confirmed that the 
Rh complex had coordinated to the phosphine functions in the polymer core to yield 
[Rh(acac)(CO)(TPP@CCM)] (broad doublet at δ 47.5, JPRh = 175 Hz, see Figure III. 10c) 
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when using a stoichiometric amount of Rh complex, (Rh/P = 1) and with complete 
disappearance of the free phosphine resonance. For comparison, the corresponding molecular 
complex [Rh(acac)(CO)(TPP)] exhibits the 31P{1H} resonance at δ 48.6 with JPRh = 179.7 
Hz.[29] Interestingly, when half the amount of Rh complex was used (Rh/P = 0.5), neither the 
free phosphine nor the coordinated phosphine resonance was visible (Figure III. 10b). This is 
related to a resonance coalescence phenomenon because of rapid phosphine exchange, as 
previously demonstrated for the molecular complex.[30] DLS measurements of the diluted, 
toluene-swollen TPP@CCM-25 latex before and after charging with complex 
[Rh(acac)(CO)2] show the same Dz and PDI values within experimental error (0% Rh: Dz = 
70 nm; PDI = 0.10. 100% Rh: Dz = 67 nm; PDI = 0.12), showing that metal complexation has 
a negligible structuring effect of the particle core. 
 
Figure III. 10.  31P NMR spectra of the TPP@CCM latex, after swelling with CHCl3, before (a) and after (b and 
c) treatment with a CHCl3 solution of [Rh(acac)2(CO)2]. 
The thermal stability of the Rh-loaded latex was also checked. Disappointingly, 
immediate coagulation was observed upon warming (Figure III. 11). We presume that this 
phenomenon is related to the thermal decarbonylation of the Rh center to yield 
[Rh(acac)(PPh2-polymer)2], analogous to the molecular complex with PPh3.[31] Hence, the Rh 
center may act as a cross-linking center between phosphine functions located not only on 
different arms within the same polymer particle but also on different polymer particles, which 
also indirectly suggests particle interpenetration. It is to be underlined that this experiment 
was run with a latex that was < 100% metal loaded. 
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Figure III. 11  Photos of the coagulated CCM latex after heating and of its attempted dissolution in THF. 
 
In spite of this negative result, we proceeded with testing the nanoreactors in 
catalysis, which confirmed that the CO-rich environment after pre-catalyst activation 
disfavors cross-linking and maintains well dispersed polymer latex (see Chapter IV). 
III.5.2 Coordination of [Rh(acac)(CO)2] to BMOPP@CCM and to the NG polymers 
[Rh(acac)(CO)2, could also be readily loaded inside the toluene-swollen 
BMOPPP@CCM core by stirring the latex with a toluene solution of the metal complex, as 
demonstrated by 31P{1H} NMR. The reaction leads to replacement of one CO ligand by the 
polymer-anchored phosphine with formation of [Rh(acac)(CO)(BMOPPP@CCM)], as 
indicated by the total disappearance of the metal-free BMOPPP@CCM resonance at δ -11.4 
and its replacement with a doublet at δ 44.5 (JPRh = 176 Hz) when one equivalent of Rh per P 
atom is introduced in the CCM, see Figure III. 12. The analogous molecular complex 
[Rh(acac)(CO)(TMOPP)] exhibits the 31P{1H} resonance at δ 43.5 with JPRh = 175.6 Hz[32]. 
When only half of the phosphine ligands are metal bonded (Rh/P = 0.5), however, no signal is 
visible in the 31P{1H} NMR spectrum. This behavior is identical to that observed for the 
analogous [Rh(acac)(CO)(TPP@CCM)] and is assigned to a rapid exchange between the 
coordinated and the free phosphine ligands described as above. This observation indicates that 
the exchange rate for the BMOPP ligand, like that of the TPP ligand, is in the appropriate 
range to yield coalescence at room temperature.  
+THF 
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Figure III. 12.  31P{1H} NMR spectra of [Rh(acac)(CO)(BMOPPP@CCM)] with different amounts of rhodium 
complex. The starred resonance is due to a minor amount of oxidized phosphine impurity. 
 
Treating the toluene-swollen NG particles with a toluene solution of [Rh(acac)(CO)2] 
(1 equiv per P atom) results in rapid transfer of the metal complex to the macromolecule core 
and coordination to the phosphine functions by CO ligand substitution (Eq. III. 7 and Eq. III. 
8), as signaled by the replacement of the NMR 31P resonance of the free phosphine with that 
of the Rh-ligated phosphine at δ 47.6 (d, J = 175 Hz) for [Rh(acac)(CO)(TPP@NG)] and at δ 
44.5 (d, J = 172 Hz) for [Rh(acac)(CO)(BMOPPP@NG)], see Figure III. 13. They are 
essentially identical to those aforementioned for the [Rh(acac)(CO)]-loaded TPP@CCM and 
BMOPPP@CCM, respectively. The measured resonances for all Rh-bonded phosphine-
functionalized polymers are also collected for convenience in Table III. 3.  
By analogy with the behavior described for the CCM, loading with only ½ 
equivalents of metal complex, therefore leaving 50% of non-coordinated phosphine functions, 
yields silent spectra because the rate of the self-exchange process (Eq. III. 8) results in 
resonance coalescence at room temperature.  
Eq. III. 7 [Rh(acac)(CO)2] + L@NG    [Rh(acac)(CO)(L@NG)] + CO    (L = TPP or BMOPPP) 
Eq. III. 8 [Rh(acac)(CO)(L@NG)] + L@NG  ⇄  L@NG  +  [Rh(acac)(CO)(L@NG)] 
(L = TPP or BMOPPP) 
 
 
 
 
-200204060 δ/ppm
Rh/P = 0
Rh/P = 0.5
Rh/P = 1
*
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Figure III. 13.  31P{1H} NMR spectra of TPP@NG and BMOPP@NG 100% loaded with [Rh(acac)(CO)2] in 
water after swelling with toluene. The starred resonance corresponds to a small amount of an unknown impurity.   
 
III.5.3 Coordination of [RhCl(COD)]2 
Another interesting compound is [RhCl(COD)]2, which is used as pre-catalyst for 
hydrogenation. It can also be incorporated into the nanoreactor core, after swelling with 
toluene, and bonded to the phosphine function by the standard chloride bridge-splitting 
process, for both the CCM and the NG particles (Eq. III. 9Eq. III. 9 and Eq. III. 10). The 
bonding is rapid and quantitative. The 31P{1H} NMR spectra of the resulting 100% loaded 
CCM and NG polymers are shown in Figure III. 14. Those of the NG polymers are essentially 
identical to those of the corresponding CCM polymers. The resonances of 
[RhCl(COD)(TPP@CCM)] and [RhCl(COD)(TPP@NG)], at δ 29.3 (JPRh = 149 Hz) for both 
samples, compare with the values reported for the molecular [RhCl(COD)(TPP)] complex (δ 
31.5, JPRh = 152 Hz) and for other polymer supported TPP complexes (δ 30.9, JPRh = 147 
Hz).[33] The resonances of [RhCl(COD)(BMOPPP@CCM)] and [RhCl(COD)(BMOPPP 
@NG)], at δ 26.8 (JPRh = 151 Hz) for both samples, can be compared with those of the 
molecular [RhCl(COD)(TMOPP)] complex (δ 27.0, JPRh = 149.4 Hz), see section III.3.  
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Figure III. 14.  31P{1H} NMR spectra of TPP@NG and BMOPP@NG 100% loaded with [Rh(COD)Cl]2 in water 
after swelling with toluene. The starred resonance corresponds to a small amount of oxidized phosphine.   
 
Eq. III. 9   ½ [RhCl(COD)]2 + L@CCM    [RhCl(COD)(L@CCM)]    (L = TPP or BMOPPP) 
Eq. III. 10   ½ [RhCl(COD)]2 + L@NG    [RhCl(COD)(L@NG)]    (L = TPP or BMOPPP) 
 
Table III. 3.  31P{1H} NMR properties of the 100% Rh-loaded polymers.. Measured using TPP@CCM-10. 
Polymer M = Rh(acac)(CO) M = RhCl(COD) 
 δ/ppm  J/Hz δ/ppm  J/Hz 
[M(TPP@CCM)]a 47.5  175 29.3  149 
[M(BMOPPP@CCM)] 44.5  176 26.8  151 
[M(TPP@NG)] 47.6  175 29.3  150 
[M(BMOPPP@NG)] 44.5  172 26.8  150 
 
Loading the polymers with only 50% of the [RhCl(COD)]2 amount required to 
saturate all phosphine ligands led to the spectra shown in Figure III. 15. In these cases, 
contrary to the samples obtained by loading with 50% [Rh(acac)(CO)2], the resonances of 
both the free and the coordinated ligands are clearly visible, indicating that the self-exchange 
processes (Eq. III. 11 and Eq. III. 12) are slower. The resonances of both free and coordinated 
phosphine ligands are a bit broader in the case of the [RhCl(COD)]2/TTP combination, to the 
point that the P-Rh coupling for the coordinated phosphine resonance is no longer discernible. 
This indicates that the self-exchange process is slightly faster for the polymer-anchored TPP 
than for BMOPPP under the same conditions.  
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Figure III. 15.  31P{1H} NMR spectra in D2O of the TPP@CCM and BMOPPP@CCM latexes 50% loaded with 
[RhCl(COD)]2 after swelling with toluene. The corresponding TPP@NG and BMOPPP@NG polymers gave the 
same result. The starred resonances correspond to the oxidized phosphine impurity. The resonance marked with 
a circle is an impurity of unknown nature.  
 
Eq. III. 11  [RhCl(COD)(L@CCM)] + L@CCM  ⇄  L@CCM  +  [Rh(COD)Cl(L@CCM)] 
(L = TPP or BMOPPP) 
Eq. III. 12  [RhCl(COD)(L@NG)] + L@NG  ⇆  L@NG  +  [RhCl(COD)(L@NG)]  
(L = TPP or BMOPPP) 
 
The [RhCl(COD)]-loaded latexes showed instability at high pH, the possible reasons 
for which will be discussed below. The [Rh(acac)(CO)]-loaded latexes, on the other hand, are 
unaffected by raising the pH to 13.6: the 31P{1H} NMR resonance is identical to that recorded 
at natural pH and did not change with time. Also, the particle size at high pH is essentially 
unchanged relative to the natural pH for both the metal-loaded and unloaded particles, as 
verified by DLS measurements for the TPP@CCM latex at pH 13.6 (0% Rh: Dz = 72 nm; PDI 
= 0.09. B: Dz = 74 nm; PDI = 0.14). 
III.5.4 Other examples of metal coordination inside the nanoreactors. 
A few other interesting compound such as dichloro(pentamethylcyclopentadienyl) 
rhodium(III) dimer, [Cp*RhCl2]2 and chloro(dimethylsulfide)gold(I), [AuCl(SMe2)], which 
may be used as pre-catalysts for asymmetric hydrogenation or for cycloadditions, can also be 
incorporated into the nanoreactor core and bonded to the phosphine function. The reactions 
were achieved by the standard chloride bridge-splitting process for [Cp*RhCl2]2 and by the 
liberation of the (CH3)2S ligand for [AuCl(SMe2)] and coordination of the resulting 
-200204060 δ/ppm
[RhCl(COD)]2(50%)/TPP@CCM 
[RhCl(COD)]2(50%)/BMOPPP@CCM 
*
*
o
o
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unsaturated fragments to the polymer-anchored phosphine. On the other hand, a solvent 
adjustment was necessary as the metal complex solubility in the swelling solvent was 
different from one precursor to another. Thus, anisole was used to replace toluene for the 
CCM swelling in order to allow loading the gold complex. The 31P{1H} NMR analyses 
confirmed the quantitative coordination of these metal fragments to the phosphine functions 
in the polymer core to yield, respectively, [Cp*RhCl(TPP@CCM)] (broad doublet at δ 29.49, 
JPRh = 138 Hz, see Figure III. 16 and [AuCl(TPP@CCM)] (singlet at δ 31.77, see Figure III. 
16) and with complete disappearance of the free phosphine resonance, when using a 
stoichiometric amount of metal complex. 
 
Figure III. 16  31P{1H} NMR spectra in D2O of solvent-swollen and 100% metal-loaded TPP@CCM. The starred 
resonance corresponds to residual resonance of free phosphine because the precursor was used in slight defect. 
 
The observed chemical shifts and JPRh coupling constants for each compound are in 
agreement with analogous molecular complex reported in the literature: [Cp*Rh(TPP)Cl], δ 
30.1, JPRh = 143 Hz;[34] [AuCl(TPP)], δ 33.7.[35]  
III.5.5 Metal coordination inside the Py@CCM nanoreactors. 
It was expected that the swollen Py@CCM latex could also immobilize metal 
complexes in the polymer core through coordinative bonds while remaining well dispersed as 
a colloidal solution in water, as has been demonstrated above for the TPP@CCM particles. 
Unfortunately, the addition of metal complexes (Rh(acac)(CO)2, [Rh(cod)Cl], [AuCl(SMe2)] 
and [(C6H5CN)2PdCl2]) led in each case to precipitation rather than to a stable dispersion of 
metal-loaded polymer particles. This is probably the result of interparticle bridging by metal 
*
[AuCl(TPP@CCM)]
[Cp*RhCl(TPP@CCM)] 
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coordination, a phenomenon that has been studied more in detail for the Rh-loaded particle as 
described in following sections.  
 
III.6 Interparticle metal migration at natural pH. 
III.6.1 Interparticle metal migration at the natural pH 
The preliminary 31P{1H}NMR investigations in D2O of the toluene-swollen 
TPP@CCM 50% loaded with [Rh(acac)CO2] have revealed resonance coalescence because of 
rapid phosphine exchange (Figure III. 10). This phenomenon corresponds to an intraparticle 
metal migration between different phosphine ligand sites. Once the [Rh(acac)(CO)2] 
precursor complex in the loading toluene solution has crossed the hydrophilic shell and 
reached the hydrophobic core, we suppose that the coordination and the phosphine exchange 
processes occur within the same core. It is now of interest to learn about the possibility for a 
metal complex to migrate from one nanoreactor to another and, if this occurs, to establish the 
mechanism of this migration. In order to learn about this possibility, samples of a fully 
[Rh(acac)(CO)]-loaded and of an unloaded TPP@CCM-10 polymer were mixed in equimolar 
ratio, yielding a total P/Rh ratio of 2. Under the hypothesis of non-interpenetrating polymers 
and in the absence of metal migration via the bulk phase, one would expect to observe both 
individual resonances of [Rh(acac)(CO)(TPP@CCM)] (Figure III. 10c) and TPP@CCM 
(Figure III. 10a) in the 31P NMR spectrum. Then, measurement of the rate at which the 
resonances disappear would provide an indication of the rate of the interparticle metal 
migration process. Instead, the spectrum was immediately silent as for the case of the 
intraparticle exchange as shown in Figure III. 10b. The NMR spectrum was always 
immediately silent, no matter how fast it was recorded after mixing, demonstrating very rapid 
interparticle metal migration with distribution among all polymer nanoreactors. Since this 
migration is much faster than the metal loading process itself (the full migration of the color 
during the polymer loading process from the organic phase to the latex takes several minutes), 
it seems unlikely that the migration occurs via metal escape from the nanoreactor core and 
through the continuous phase.  
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III.6.2 Double exchange processes 
The fluxional behavior resulting from the intraparticle self-exchange, combined with 
the very rapid interparticle metal migration that immediately leads to metal redistribution and 
to a silent 31P NMR spectrum, hampers a more detailed kinetic investigation of the rate of 
metal migration. Thus, a double exchange experiment with fully metal loaded polymers has 
been conceived as shown in Eq. III. 13. In principle, since no free phosphine is generated at 
any time during this experiment, the spectroscopic monitoring should show evolution from 
the two starting materials on the left hand side of the equation toward all four possible metal-
ligand combinations and allow the reaction kinetics to be investigated. This is because the 
phosphine exchange process, as discussed in section 0, likely occurs most rapidly by an 
associative mechanism and consequently sharp NMR resonances are expected in the absence 
of free phosphine. On the other hand, the molecular model study presented in section III.2 
indicates that the double exchange is very rapid even in the absence of free phosphine. 
Therefore, monitoring the resonance of the four types of complexes implicated in the 
exchange process, if sufficiently slow, can give us an indication of the rate of interparticle 
contact/interpenetration leading to the double exchange. The exchange process will be 
compared with the aforementioned analogous study of the molecular version of the same 
reaction using [Rh(acac)(CO)(TMOPP)] and [RhCl(COD)(TPP)] in CDCl3.  
Eq. III. 13  [Rh(acac)(CO)(BMOPPP@Pol)] + [RhCl(COD)(TPP@Pol)]  ⇆   
[RhCl(COD)(BMOPPP@CCM)] + [Rh(acac)(CO)(TPP@Pol)] (Pol = CCM or NG) 
 
The experiment carried out on the CCM system gives the salient results shown in 
Figure III. 17. For comparison, the spectra of the two starting latexes, 
[Rh(acac)(CO)(BMOPP@CCM)] and [RhCl(COD)(TPP@CCM-5)], are also included. At a 
first glance, the observed behavior is confusing because there are indeed four doublets as 
predicted, but not at the expected positions. The two doublets at δ 44.5 and 29.3 correspond, 
as expected, to the two magnetic environments of the [Rh(acac)(CO)(BMOPPP@CCM)] and 
[RhCl(COD)(TPP@CCM-5)] starting materials (cf. Table III. 3), but those of the expected 
exchange product, notably that of [Rh(acac)(CO)(TPP@CCM)], expected at δ 47.5, is not 
present. On the other hand, there are two additional doublets (δ 27.8, JPRh = ca. 115 Hz; δ 25.1, 
JPRh = ca. 115 Hz) that do not correspond to those expected for the [RhCl(COD)]- and 
[Rh(acac)(CO)]-bonded phosphine environments (cf. Table III. 3). Subsequent monitoring of 
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the reaction indicates interesting further changes. While the two doublets of the unknown new 
compounds do not further change, those of the two starting materials decrease while a new 
doublet at δ 47.5 corresponding to one of the expected exchange product, 
[Rh(acac)(CO)(TPP@CCM-5)] becomes visible at approximately equal intensity of those of 
the two starting materials. It should be noted that the other expected product of Eq. III. 13, 
[RhCl(COD)(BMOPPP@CCM)], should appear as a doublet at δ 26.8 (see Table III. 3), i.e. 
in a region that is masked by the two stronger additional doublets. It thus appears that the 
double exchange process does take place, but another phenomenon overlaps with this reaction.  
 
Figure III. 17. 31P{1H} NMR spectra of the latex obtained by mixing equimolar amounts of 
[Rh(acac)(CO)(BMOPPP@CCM)] and [RhCl(COD)(TPP@CCM-5)]. The data for each spectrum were 
collected for 30 minutes; the time intervals for data collection from the time of mixing are indicated on each 
spectrum. The spectra of the pure [Rh(acac)(CO)(BMOPP@CCM)] and [RhCl(COD)(TPP@CCM-5)] are also 
included for comparison. 
A rationalization of this result becomes apparent on the basis of the corresponding 
homogeneous system behavior (see Scheme III. 1). The phosphine scrambling process leading 
from a 50:50 mixture of III.1 and III.2 to a statistical 25:25:25:25 distribution of compounds 
III.1, III.2, III.3 and III.4 (process A) is very fast, equilibrium being reached within the time 
of recording the first spectrum. A much slower process (process B, > 24 h) then follows 
leading to the quantitative conversion into compounds III.5, III.6, III.7 and III.8, resulting 
from scrambling of the other ligands. Simpler exchange processes of the other ligands where 
observed upon mixing III.1 and III.3, quantitatively leading to III.5 and III.8, or mixing 
III.2 and III.4, leading to III.6 and III.8. Therefore, the spectral evolution shown in Figure 
III. 17 can be rationalized as shown in Scheme III. 4.  
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The position and especially the JPRh values of the two doublets in the δ 24-28 region 
of the NMR spectrum in Figure III. 17 strongly indicate that they correspond to 
[RhCl(CO)(TPP@CCM-5)2] and [RhCl(CO)(BMOPPP@CCM)2]. One of the most important 
differences between the homogeneous and polymer-confined reactions is that in the latter case 
each type of phosphine ligand is restrained within its own polymer core. Therefore, the 
polymer-grafted equivalent of the mixed phosphine complex (III.7) is inaccessible unless the 
polymer particle cores interpenetrate. Figure III. 17 does not show any complex feature 
attributable to a polymer-confined mixed phosphine species equivalent to III.7, suggesting 
that particle interpenetration does not occur to a great extent. Indeed, the previously analysed 
DLS and TEM characterization of the TPP@CCM-5 polymer has demonstrated the latex 
stability, even upon prolonged heating to 90°C (see Chapter II), with no tendency to 
irreversible coagulation. Note that this observation does not exclude the occurrence of 
interpenetration. It only suggests that the polymeric nanoreactors spend the majority of their 
time as individual particles. Indeed, it will be shown below (section III.7.3) that 
interpenetration of the particles with core-core contact does occur. It is then conceivable that, 
even if a transient particle interpenetration does take place, the collisions of complexes 
bonded to different phosphine ligands within the same polymer core occur much more 
frequently than those between complexes bonded to different cores and lead to the homoleptic 
bis(phosphine) complexes as the only observable products within the sensitivity of the NMR 
detection.  
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Scheme III. 4.  Ligand exchange processes occurring between [RhCl(COD)(TPP@CCM-5)] and 
[Rh(acac)(CO)(BMOPPP@CCM)].  
A few additional considerations are in order. Figure III. 17 shows that the resonances 
assigned to [RhCl(CO)(TPP@CCM-5)2] and [RhCl(CO)(BMOPPP@CCM)2] are 
immediately prominent in the NMR spectrum, indicating that the scrambling process leading 
to their formation (process B in Scheme III. 1) is faster than the initial phosphine double 
exchange step (process A). Indeed, these resonances are observed in the spectrum recorded 
within the first 30 min while that of the phosphine exchange product 
[Rh(acac)(CO)(TPP@CCM-5)] at δ 47.5 is not yet visible, but formation of the latter is a 
prerequisite for formation of [RhCl(CO)(TPP@CCM-5)2] according to Scheme III. 4. This 
illustrates that indeed the phosphine exchange process A is fast, but is followed by an even 
faster process B. Thus, the phosphine exchange products are consumed immediately as they 
are formed and cannot be detected in the NMR spectrum. This contrasts with the 
homogeneous solution experiment where the phosphine exchange is much faster than 
+
TPP@CCM BMOPPP@CCM
A
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scrambling of the other ligands. This difference can be attributed to the much higher local 
concentration of the reacting rhodium complexes in the confined polymer core environment. 
A second observation is the persistence of the phosphine-bonded [Rh(acac)(CO)] and 
[Rh(acac)(CO)] complexes at equilibrium. The stoichiometry should in principle lead to total 
disappearance of these resonances, since the anionic ligand exchange reaction was shown to 
be quantitative in the molecular version. The rationalization of this result is based on the 
polymeric structure: formation of the bis-phosphine complexes creates additional chain cross-
links (see Scheme III. 4), rigidifying the polymer core and inevitably leaving a few 
[Rh(acac)(CO)(L@CCM)] and [RhCl(COD)(L@CCM)] functions (L = TPP, BMOPPP) 
physically incapable of finding the suitable partner to react with.  
The same double exchange process of Eq. III. 13 was also monitored for the Rh-
loaded NG latexes, the relevant features of which are summarized in Figure III. 18. The 
spectrum evolution is very similar to that of the corresponding CCM experiment. In this case, 
the resonance of [RhCl(COD)(TPP@CCM)] is not clearly visible in the first spectrum 
collected during the 0-30 min period after mixing for unknown reasons. The other essential 
features are the same: rapid development of prominent resonances for the two homoleptic 
bis(phosphine) complexes and persistence of the two [Rh(acac)(CO)]-supported complexes in 
small amounts and in an approximately 1:1 ratio. The similar relative intensities of the 
bis(phosphine) products and monophosphine starting material in the first spectrum indicates 
that the more cross-linked nature of the NG particles does not slow down the metal migration 
process in a significant way.  
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Figure III. 18.  31P{1H} NMR spectra of the latex obtained by mixing equimolar amounts of 
[Rh(acac)(CO)(BMOPPP@NG)] and [RhCl(COD)(TPP@NG)]. The data for each spectrum were collected for 
30 minutes; the time intervals for data collection from the time of mixing are indicated on each spectrum. 
 
III.7 Interparticle metal migration under basic conditions.   
We have shown the existence of rapid metal migration between different 
nanoreactors. However, the precise mechanism of this process is not yet unambiguously 
elucidated. There are in principle three possibilities (see Figure III. 19). The aptitude of Rh 
complexes to undergo associative phosphine exchange implies the possibility of a direct core-
core transfer, which requires transient particle interpenetration and direct core-core contact. A 
second possibility, in case core-core contact does not occur, is that the Rh complex is 
transferred by exchange of the phosphine ligand with a carboxylic acid function from the core 
to the shell and subsequent transfer to the new particle by associate carboxylic acid exchange 
via shell-shell contact. Rhodium, being a soft metal, prefers the soft phosphine ligand to the O 
donor of a carboxylic acid, but a slightly thermodynamically unfavorable exchange, if the 
energy difference is not prohibitive, is compatible with a fast migration process. A final 
possibility consists of exchange of the phosphine with a free monodentate ligand and 
migration of the resulting molecular complex from one particle to another via the continuous 
aqueous phase, possibly solvated by the organic solvent that is present as particle swelling 
solvent. For the metal migration processes described in this chapter, the only potential donor 
available is water. During the catalytic experiments that will be presented in Chapter IV, other 
molecules such as CO and 1-octene are also available to carry out this function.  
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Figure III. 19.  Possible mechanisms leading to interparticle metal migration. 
 
These three possibilities may be discriminated by investigation of the metal 
migration at higher pH, where total deprotonation of the carboxylic acid functions introduces 
negative charges on the polymer shell. The core-core contact/transient interpenetration 
mechanism with direct phosphine exchange should lead to a slowdown of the interparticle 
migration because of the repulsive Coulombic forces. In case the exchange is assisted by the 
shell carboxylic functions, deprotonation of the latter to anionic carboxylate function is 
expected in principle to enhance their binding properties, favoring Rh transfer to the outer 
shell. However, the shell-shell coulombic repulsion can still result in a slowdown of the metal 
migration. Finally, migration as neutral aqua complexes via the aqueous phase should be pH 
insensitive. 
III.7.1 Exchange studies with CCM polymers 
The double exchange process involving [Rh(acac)(CO)(BMOPPP@CCM)] and 
[RhCl(COD)(TPP@CCM)] could not be investigated under basic conditions because, as 
mentioned in section III.5.3, the [RhCl(COD)(phosphine)] sample is degraded at high pH. 
However, useful information was obtained by mixing together samples of 100% loaded 
[Rh]
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[Rh]
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Transfer to a 
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[Rh(acac)(CO)(TPP@CCM)] and Rh-free TPP@CCM at pH 13.6. The time evolution of the 
31P{1H} NMR spectrum for this metal migration experiment is shown in Figure III. 20. 
 
Figure III. 20.  31P{1H} NMR spectra of the latex obtained by mixing equimolar amounts of 
[Rh(acac)(CO)(TPP@CCM-10)] and TPP@CCM-10 at pH 13.6. The data for each spectrum were collected for 
35 minutes; the time intervals for data collection from the time of mixing are indicated on each spectrum. 
 
The rate of metal migration is dramatically slower at high pH, relative to what we 
have reported before (section III.5.1) for the same experiment at natural pH where the 
migration is immediate leading to resonance coalescence. The resonances of 
[Rh(acac)(CO)(TPP@CCM)] at δ 47.5 and Rh-free TPP@CCM at δ -6.6 are independently 
observable and their intensity decreases quite slowly, remaining detectable even after 11 h at 
room temperature. This result is consistent with either the direct phosphine exchange 
mechanism through core-core contact or the carboxylate-assisted mechanism through shell-
shell contact as the main cause of metal migration and excludes that the metal migrates 
mostly as a molecular species through the continuous phase at natural pH. It does not exclude, 
however, that the residual slow migration observed at high pH may be associated to this 
mechanism. Note that the intensity decrease of the two resonances at δ 47.5 and -6.6 is 
accompanied by the appearance and intensity increase of a new resonance at δ 29.4, without a 
visible Rh coupling. This resonance is not present when the experiment is carried out at 
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natural pH, therefore it must be related to a new compound that can only form as a result of 
the higher pH conditions from the polymer supported TPP and [Rh(acac)(CO)(TPP)] in a 1:1 
ratio. The elucidation of the nature of this product, addressed in the next section, will provide 
a clue on which one of the three metal migration pathways shown in Figure III. 19 is the 
predominant one. 
III.7.2 Analysis of the δ 29.4 product of metal migration at pH 13.6.  
The δ 29.4 resonance appears in a region that is typical of the trans bis(phosphine) 
complexes (cf. the [RhCl(CO)(L@Pol)2] systems obtained in the double exchange experiment 
shown in Figure III. 17 for Pol = CCM and in Figure III. 18 for Pol = NG). It is of interest to 
understand the nature of this product and the reason for its formation only at high pH. The 
main difference between the experiments carried out at high pH and at natural pH is the 
presence of excess OH- in the aqueous phase and of methacrylato functions grafted on the 
polymer shells. The nucleophilicity of these functions could favor replacement of the 
acetylacetonate ligand and, since neither of them possesses strong tendency to saturate a 
second coordination site through chelation (for methacrylato) or bridging (for both 
methacrylato and hydroxydo), binding of a second phosphine function becomes possible in 
the product, because the metal migration process yields objects with both free phosphine 
functions and metal complexes within the same polymer core in a 1:1 ratio. The absence of 
any other new resonance in the spectra of Figure III. 20 is consistent with a P/Rh ratio of 2 in 
the δ 29.4 product.  
In order to confirm this stoichiometry, another experiment was carried out by loading 
only 50% of TPP@CCM-25 with [Rh(acac)(CO)2], followed by increasing the pH to 13.6 by 
NaOH addition as described for the previous experiment (see experimental section). The 
31P{1H} spectrum of the resulting solution, shown in Figure III. 21A(b), confirms the 
formation of the same broad resonance at δ 29.4. In this experiment, unlike that described in 
Figure III. 20, the resonances of free and coordinated phosphine at δ -6.6 and 47.5 were 
immediately unobservable.  
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Figure III. 21.  31P{1H} NMR (A) and IR (B) spectra of [Rh(acac)(CO)(TPP@CCM)]: (a) at 100% loading 
(natural pH); (b) at 50% loading followed by addition of NaOH (pH 13.6); (c) at 50% loading followed by the 
addition of NaCl. Experiments (a) and (c) were run using TPP@CCM-10 (30 TPP units per chain) and 
experiment (b) was run using TPP@CCM-25 (75 TPP units per chain). 
 
In order to learn more about the chemical nature of this species, the latex was 
investigated by IR spectroscopy. Molecular compounds with the stoichiometry 
[RhX(CO)(PPh3)2] are described in the literature for both X = OH (νCO = 1961 cm-1; δ(31P) = 
31.2)  and X = O2CCH3 (νCO = 1972 cm-1; δ(31P) = 34.4).[36,37] The latex resulting from the 
addition of NaOH to the 50% loaded [Rh(acac)(CO)(TPP@CCM-25)] shows a CO stretching 
vibration centered at 1962 cm-1, Figure III. 21B(b), which is in closer correspondence with the 
band of [Rh(OH)(CO)(PPh3)2]. Formation of the methacrylato complex may be expected to 
be favored in principle by the suitable placement of the carboxylates, at least partially, in the 
inner core (see chapter II). However, although the number of carboxylate functions (15 per 
chain) is theoretically sufficient for the metal stoichiometry of TPP@CCM-10 (30 phosphine 
groups per chain, i.e. 15 Rh ions per chain), they are located only near the polymer shell, 
whereas the phosphines functions are homogeneously distributed in the polymer core. On the 
other hand, formation of the hydroxydo complexes implies migration of NaOH inside the 
hydrophobic core. This could occur through coordination of the Na ion by the PEO chains, as 
proposed for the Na counterion of the methacrylate groups in chapter II.  
In order to confirm this hypothesis, we have also carried out a third experiment 
involving the same 50% [Rh(acac)(CO)]-loaded TPP@CCM-10, but now NaCl was added to 
the aqueous solution at the same concentration used for NaOH in the previous experiment 
(details in the experimental section). The resulting latex gave the IR spectrum shown in 
Figure III. 21A(c) and the 31P{1H} NMR spectrum shown in Figure III. 21B(c). Although the 
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CO stretching vibration (centered at 1980 cm-1) is coincidentally similar to that of 
[Rh(acac)(CO)(TPP@CCM-10)] (at 1981 cm-1, Figure III. 21A(c)), the 31P{1H} NMR 
resonance (centered at ca. δ 28.5) is close to that attributed to [Rh(OH)(CO)(TPP@CCM-
10)2], confirming that extensive formation of [RhCl(CO)(TPP@CCM-10)2] has taken place. 
For comparison, the molecular complex [RhCl(CO)(TPP)2] (III.5) shows a doublet at δ 28.97 
(JPRh = 124.7 Hz) as already shown above in Scheme III. 1 and a CO stretching vibration at 
1978 cm-1 in benzene[38] or at 1980 cm-1 in CHCl3.[36]  Note also that the same polymer-
supported product, [RhCl(CO)(TPP@CCM)2], forms in the double exchange experiments of 
Figure III. 17 and Figure III. 18 (δ 27.8, with a visible JPRh coupling). The reason for the 
absence of observable Rh coupling in the 31P NMR spectra of Figure III. 20 is line broadening 
by self-exchange with residual free phosphine functions. Conversely, adding NaCl to a latex 
of [Rh(acac)(CO)(TPP@CCM-10)] (100% Rh loading) did not perturb the 31P NMR 
resonance of the starting Rh complex. The formation of a small and broad resonance at ca. δ 
28.5 can be attributed to the formation of a small amount of the [RhCl(CO)(TPP@CCM)2] 
product, indicating that the Rh loading of the initial TPP@CCM-10 latex was not complete. 
These experiments illustrate that sodium chloride, like sodium hydroxide, is able to penetrate 
into the hydrophobic core of the CCM. It further shows that, while neither NaCl nor NaOH 
react with [Rh(acac)(CO)(PPh3)] (Eq. III. 14), they do so in the presence of an additional 
equivalent of PPh3 (Eq. III. 15) with replacement of the acetylacetonato ligand. To the best of 
our knowledge, this reaction has not previously been reported for the molecular species. It is 
quite remarkable to note how rapidly this reaction takes place (complete transformation at 
room temperature within the time needed to record the first NMR spectrum after mixing), 
considering that it requires migration of ionic inorganic Na+X- species (X = OH or Cl) that are 
well solvated by water toward a hydrophobic environment in which they are essentially 
insoluble.  
Eq. III. 14  [Rh(acac)(CO)(PPh3)]  +  NaX    No reaction (X = OH, Cl) 
Eq. III. 15  [Rh(acac)(CO)(PPh3)] + NaX + PPh3    [RhX(CO)(PPh3)2]  + Na(acac) (X = OH, Cl) 
Incidentally, the above described reactivity of NaOH with [Rh(acac)(CO)(PPh3)] (Eq. 
III. 14 and Eq. III. 15) suggests a possible reason of the observed degradation of 
[RhCl(COD)(PPh3)] at high pH: the chloride ligand, being monodentate, is more susceptible 
to substitution by hydroxide than the acetylacetonato ligand without the assistance of a second 
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PPh3 ligand. The nature of the final product(s) obtained from this degradation, which yield 
very broad bands in the 31P NMR spectrum, was not further investigated. 
We have also carried out the metal migration study using fully [Rh(acac)(CO)]-
loaded and the Rh-free TPP@CCM-10 latexes after addition of NaCl at the same 
concentration as the NaOH used for the experiment in Figure III. 20. Thus, the two aqueous 
solutions used for the metal migration studies in the presence of NaOH and in the presence of 
NaCl have the same ionic strength. The result of this experiment is the immediate generation 
of a solution showing an NMR spectrum identical to that in Figure III. 21A(c). This result 
confirms that the rate of metal migration is controlled by the particle core-core contact and/or 
transient interpenetration, which may occur for the latex at natural pH with or without 
addition of NaCl, whereas it is strongly retarded upon deprotonation of the carboxylic acid 
functions on the polymer shell.  
III.7.3 Shell-shell or core-core contact?  
The dramatically reduced rate of metal migration for the negatively charged polymer 
particles relative to the neutral ones confirms the need for particle-particle contact but does 
not distinguish, as discussed above, the direct phosphine exchange though core-core contact 
and the carboxylic acid-assisted exchange through shell-shell contact. A distinction of these 
two mechanism can be made on the basis of dynamic light scattering studies, using the 
reactions indicated in Eq. III. 15 as probes. Indeed, in the absence of core-core 
contact/interpenetration, the two phosphine ligands needed to coordinate a given Rh center 
must necessarily be placed on either the same or different arms within the same polymer core. 
In case of core-core contact/interpenetration, on the other hand, a certain extent of particle-
particle cross-linking is expected. 
The NMR monitoring of the reactions only gives us information on the reaction 
stoichiometry. However, in case the process occurs in the presence of particle interpenetration 
and since the products of Eq. III. 15 contain two phosphine ligands per metal, putative 
coordination of two ligands from different particles to the same metal center would result in 
cross-linking with increase of the average particle dimensions. Thus, we have sought 
additional evidence of particle interpenetration from DLS measurements. As shown in Figure 
III. 22a, mixing equivalent amounts of TPP@CCM-25 (0% Rh, A) and [Rh(acac)(CO) 
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(TPP@CCM-25)] (100% Rh, B) yields a dispersion where the particle size distribution 
remains essentially unchanged. This is because, even at 50% loading, the Rh coordination 
sphere does not allow a second phosphine ligand to coordinate and cross-linking cannot occur, 
even in the presence of interpenetration. Mixing together the A and B dispersions after 
individually raising their pH does not result in any significant change in the size distribution, 
as expected because of the slow metal migration (Figure III. 20). However, when the pH is 
raised only after mixing A and B, the size distribution shifts significantly to higher average 
size values. This demonstrates that the reaction leading to [Rh(OH)(CO)(TPP@CCM-25)2] 
may also involve, for a fraction of the Rh centers, two phosphine ligands belonging to two 
different particles. This fraction cannot be very extensive, however, otherwise macrogelation 
and precipitation of the latex would occur. Incidentally, this result also shows that the reaction 
of Eq. III. 15 (for X = OH) is kinetically competitive with the deprotonation of the shell 
carboxylic functions. If the deprotonation were much faster than the process of Eq. III. 15, the 
negative charge accumulation on the polymer particle surface would lead to rapid particle 
separation, therefore not allowing cross-linking to occur.  
The same aggregation phenomenon occurs upon mixing samples A and B pretreated 
with NaCl at the same ionic strength as the pH 13.6 NaOH solution, see Figure III. 22c. In 
this case, the presence of NaCl in the aqueous phase before mixing has no effect on the metal 
exchange, since the particle shell remains neutral and interpenetration is not blocked.  The 
intervention of core-core contact/interpenetration for the TPP@CCM latex is therefore 
confirmed, suggesting that direct phosphine exchange constitutes the major mechanism for 
interparticle metal migration. 
    
Figure III. 22.  DLS monitoring of various reactions between TPP@CCM-25 (sample A, 0% Rh) and 
[Rh(acac)(CO)(TPP@CCM-25)] (sample B, 100% Rh). a) at natural pH (A: Dz = 70 nm; PDI = 0.10. B: Dz = 67 
nm; PDI = 0.12. A+B: Dz = 74 nm; PDI = 0.22). b) at pH 13.6 (A: Dz = 72 nm; PDI = 0.09. B: Dz = 74 nm; PDI 
= 0.14. A(pH 13.6)+B(pH 13.6): Dz = 77 nm; PDI = 0.21. A+B, then pH 13.6: Dz = 93 nm; PDI = 0.09). c) at 
natural pH with [NaCl] = 0.37 M (A: Dz = 69 nm; PDI = 0.17. B: Dz = 76 nm; PDI = 0.24. A+B: Dz = 94 nm; 
PDI = 0.07).  
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A few additional considerations are in order. The size distribution (Dz = ca. 70 nm 
for TPP@CCM-25, whether [Rh(acac)(CO)]-loaded or not, whether at natural or basic pH) 
shifts to approximately the same extent upon addition of NaOH  (Figure III. 22b, Dz = 93 nm) 
and NaCl (Figure III. 22c, Dz = 94 nm). This suggests that the cross-linking process must 
actually be faster than the shell deprotonation for the NaOH reaction. A carboxylic acid 
deprotonation is a relatively rapid but not instantaneous process (for instance, activation 
barriers as low as 13.5 kcal/mol have been reported for the deprotonation of CF3COOH on a 
silver surface[39] or in the 20-25 kcal/mol range for various acid on a copper surface[40,41]), 
although the build-up of negative charge has probably a negative effect on the deprotonation 
kinetics of adjacent acidic functions in a polymer chain. Thus, NaOH migration into the 
polymer core is significant before the negative charge build-up on the particle shell becomes 
significant to suppress the particle-particle interpenetration. These observations suggest that 
the Na+X- migration to the polymer core is an extremely rapid and facile process, which 
seems surprising in light of the much greater compatibility of Na+X- with water relative to 
toluene. This point will be addressed again in the next section.  
Another interesting observation concerns the size and the size distribution of the 
cross-linked particles after reaction with NaOH or NaCl. Assuming spherical shape for the 
cross-linked objects, an increase of Dz from 70 to 94 nm corresponds to a volume ratio of ca. 
2.4, suggesting that the cross-linked particles include on average 2-3 original particles. On the 
other hand, the distribution remains narrow and shifts completely. This suggests that 
essentially all particles have become involved in a cross-linking reaction. Why would all 
particles be cross-linked but then cross-liking stops at the level of 2-3 particles per aggregate 
without further agglomeration? A possible explanation can be imagined by extending the 
collision theory of chemical reactions to the particle-particle collisions leading to 
interpenetration. The collision of two particles is more probable than the simultaneous 
collision of three or more particles, by the same principle that bimolecular elementary 
processes are more probable than termolecular ones in chemical reactions. At any time, the 
aqueous dispersion will contain a particle distribution comprising a majority of individual 
macromolecules and a small fraction of interpenetrated agglomerates of essentially only two 
macromolecules, see Figure III. 23. The chemical reaction can occur on both types of objects, 
leading to intraparticle (for both individual and agglomerated objects) or interparticle (cross-
linking, only for the agglomerates) formation of [RhX(TPP)2(CO)] (X = OH or Cl) complexes. 
This process consists of two steps: the NaX migration from the aqueous phase to the polymer 
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core and the chemical reaction. It is likely that the limiting step is NaX migration across the 
core-shell interface and we assume that this is slower than the particle association/dissociation 
process. The probability of cross-linking vs. intraparticle reaction is proportional to the 
fraction of associated particles times the extent of interpenetration (fraction of free phosphine 
ligands that are located in the interpenetrated area of the associated particles). Residual 
individual macromolecules at the end of the chemical reaction can only be present if this 
probability is very small. The results in Figure III. 22 suggest that this probability is 
sufficiently high. For the TPP@CCM-25 sample used for these experiments, there are ca. 
21002 cross-linked arms per particle and 75 TPP ligands per chain (see Chapter II section II. 5. 
2) for a total of 1.6∙105 TPP ligands and 0.8∙105 Rh complexes per particles. Thus, the 
persistence of an individual macromolecule at the end of the chemical reaction requires 80000 
intraparticle chemical reactions without anyone of them involving a cross-linking event. 
Conversely, the formation of greater aggregates requires further collisions of a two-
macromolecule aggregate and a third object (individual or aggregated macromolecule). While 
the probability of the collisions between individual macromolecules scales with the square of 
the particle concentration, the probability that a two-molecule aggregate collides with another 
individual macromolecule scales linearly with the concentration of each entity and will thus 
be very small at the beginning of the reaction when most of the TPP and 
[Rh(acac)(CO)(TPP@CCM)] functions have not yet reacted. Clearly, as the reaction 
progresses and the concentration of the aggregates increases, the probability of collisions 
leading to much greater aggregates increases but at the same time the fraction of unreacted 
free TPP and [Rh(acac)(CO)(TPP@CCM)] functions has decreased. Thus, these collisions are 
less and less likely to lead to further cross-linking. 
                                                          
2 The theoretical arms per particle of TPP@CCM-25 was calculated using the following equation: [CTPPA]0  / 
[(∑  [monomer]0 × conversion) / masse of particle)]. Mass of particle was calculated under the hypothesis of Dz = 
73 nm (DLS in water) and particle density = 0.909kg/m3. 
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Figure III. 23.  Proposed mechanism of particle-particle cross-linking according to Eq. III. 15. In the CCM core, 
the yellow and orange dots represent the TPP@CCM and the [Rh(acac)(CO)(TPP@CCM)] functions. After 
chemical reaction with NaX, one yellow and one orange dot disappear to generate the [RhX(CO)(TPP@CCM)2] 
product (black dot). 
 
III.7.4 Exchange studies with NG polymers  
Once the metal migration by core-core contact is clearly demonstrated, we might 
expect a significant difference in metal exchange rate on going from the CCM to the NG 
particles because of the more extensive cross-linking of the latter, hampering the particle 
interpenetration process. It should be noted, however, that the cross-linking density is rather 
small (only one DEGDMA cross-linker per 40 monomers). Therefore, the metal migration 
rate was also investigated using the NG particles. At natural pH, the 31P{1H} monitoring 
revealed once again immediate signal disappearance, showing that the rate is not dramatically 
slower when the entire hydrophobic particle core is cross-linked. The corresponding 
experiment at pH 13.6, see Figure III. 24, indicates that the metal exchange at this pH has 
approximately the same rate, in fact even marginally faster, than for the corresponding CCM. 
This result suggests that the extent of interpenetration allowed by the NG particle is still 
sufficient to transfer the metal complexes between different particles. It should also be kept in 
mind that once the complex has reached the outer part of a core, it can rapidly migrate to the 
inner part by intraparticle ligand exchange. However, this result does not excluded that 
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exchange at this pH occurs via a slower neutral complex migration mechanism via the 
continuous phase.  
 
Figure III. 24.  31P{1H} NMR spectra of the latex obtained by mixing equimolar amounts of 
[Rh(acac)(CO)(TPP@NG)] and TPP@NG at pH 13.6. The data for each spectrum were collected for 30 minutes; 
the time intervals for data collection from the time of mixing are indicated on each spectrum. 
 
 
III.8 Conclusions 
The most important result shown in this Chapter is the ease with which the 
nanoreactors developed in Chapter II can be loaded with metal complexes that are suitable 
pre-catalysts for a number of transformations. Together with the evidence of facile mass 
transport of organic molecules in and out of the polymer core, we are now ready to test the 
nanoreactor in catalytic applications and the results of these tests will be reported in Chapter 
IV.  
While we had the opportunity to work with these novel ligand-functionalized and 
hierarchically organized unimolecular polymers, we have also addressed here for the first time 
the phenomenon of molecular migration involving well-defined unimolecular polymers in 
stable aqueous dispersions. The studies were made possible using rhodium complexes as the 
migrating molecules and polymer-anchored phosphine functions as NMR spectroscopic 
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probes. We have demonstrated that molecular migration from one polymer core to another is 
very rapid and mostly or exclusively occurs through direct contact between the particle cores 
during collisions. Processes involving one metal center and two polymer-anchored ligands 
occur mostly within a single particle core, but occasional events during collisions leading to 
interparticle cross-linking also occur, as clearly demonstrated by the DLS experiments on the 
50% [Rh(acac)(CO)2]-loaded samples upon treatment with NaOH of NaCl. Another 
remarkable and quite unexpected result of these investigations is the ease with which simple 
inorganic compounds that are dissolved in the latex aqueous phase, Na+X- (X = OH, Cl), are 
able to penetrate the toluene-swollen hydrophobic core of the polymeric nanoreactor and 
rapidly react with the rhodium complex, even though their affinity to the hydrophobic core is 
much less than to the aqueous phase. This remarkable phenomenon seems determined by the 
peculiar structuring of the polymer core-shell interface, which forces a fraction of the PEO 
chains to be confined in the polymer core, although the backbone restricted mobility still 
allows sufficiently fast exchange of the inner and outer PEO chains.  
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Chapter IV Hydroformylation catalysis 
 
IV.1 Introduction  
All the catalytic experiments of biphasic hydroformylation were realized by Andrés 
Cardozo and Emeline Lobry in the research group of the Laboratoire de Genie Chimique 
(LGC) headed by Henri Delmas and Carine Julcour, which has expertise in multiphase 
reaction engineering (analysis and modelling of catalytic multiphase reactions, reactor design 
and optimization) and in biphasic hydroformylation. The main results of this work will be 
briefly resumed in sections IV.2 and IV.3 and then the focus will be on the discussion of the 
leaching phenomenon in section IV.4. 
All the basic properties required for biphasic catalysis by the micellar strategy are 
reunited in the CCM and NG ligand-functionalized polymers: they give stable colloidal 
solutions upon prolonged heating at the temperatures required for catalysis (90°C) as shown 
in Chapter 2; they allow rapid transport of organic molecules across the hydrophilic shell in 
and out of the particle core, including the reaction model substrate (1-octene) and the 
hydroformylation products (mainly linear and branched nonanals) as also shown in Chapter 2; 
and they lead to incorporation and coordination of the pre-catalyst as shown in Chapter 3. The 
sought catalyzed transformation is shown in Scheme IV. 1.  
 
Scheme IV. 1  Hydroformylation of 1-octene, yielding the linear (l) n-nonanal and the branched (b) 2-
methyloctanal products. 
 
It should be reminded that, once [Rh(acac)(CO)2] is coordinated to the polymer-
linked TPP, as shown in the previous chapter, the resulting [Rh(acac)(CO)(TPP@CCM)] 
complex does not yet correspond to the active form of the hydroformylation catalyst. 
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According to well established investigations for the molecular TPP system,[1] the active form 
is a hydride species of formula [RhH(CO)4-n(TPP)n], which forms in situ in the presence of the 
syngas reagent (1:1 CO/H2 mixture). 
IV.2 Tests on biphasic hydroformylation with the CCM nano-objets  
The TPP@CCM was first tested for the 1-octene hydroformylation under standard 
biphasic conditions, yielding the results shown in Table IV. 1 (entry 1). The 1-octene 
substrate was introduced as a solution in n-decanal, chosen as substrate carrier phase in order 
to closely simulate the running conditions of a continuous flow production plant, while 
allowing the gas-chromatographic determination of the hydroformylation products. Each run 
gave essentially quantitative 1-octene conversion in 2-3 h with excellent selectivity for the 
expected hydroformylation products (>90%). No hydrogenation and low isomerization (about 
5%) were observed. 
The linear to branched (l/b) product ratios are greater and the catalytic activities (as 
measured by the initial turnover frequency) are lower than typically observed for 
homogeneous phase runs with free TPP under the same [Rh] and [TPP] conditions. These 
variations match with those already reported for experiments carried out with polymer 
supported TPP under homogeneous conditions.[2] These TOFs are close to those obtained with 
similar macroligands (TPP-functionalized linear or star PS built by atom transfer radical 
polymerization) under homogeneous conditions in toluene solution (previous Ph.D. Thesis of 
Andrés CARDOZO in our team).[3,4] The Rh leaching results (last column of Table IV. 1) will 
be commented below after the presentation of additional results.   
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Table IV. 1  Influence of the macroligand architecture on its performance in the biphasic 1-octene 
hydroformylation. 
Entry Investigated ligand a  Operating conditions 
Initial rate  
(kmol.m-3φaq.s-1) 
TOFmax  
   (h-1) 
 l/b 
  (-) 
[Rh]φorg 
(ppm)  
1 Reference TPP@CCM-10 Standard 
b 8.0·10-4 441 5.0 2.0 
2a Reference 
TPP@CCM-10 
 = 1400 rpm 1.0·10-3 557 3.4 6.5 
2b 
 = 1600 rpm 1.3·10-3 701 3.7 11.6 
3 TPP@CCM-10 with DPP(S-co-DPPS) = 500 
Standard 8.0·10-4 442 4.7 1.4 
4 TPP@CCM-5 
Standard 
 
1.3·10-3 695 3.3 1.8 
5 TPP@CCM-25 3.5·10-4 191 4.7 1.4 
6 BMOPPP@CCM  1.3·10-3 742 2.7 4.5 
7 TPP@M c 1.0·10-3 560 3.8 7.2 
8 TPP@NG d 7.0·10-4 380 3.6 0.6 
a See Tables II.3 and II.4 (Chapter II). b Standard conditions: [Rh(acac)(CO)2] = 6.5·10-3 kmol·m-3φaq, [1-
octene] = 1.1 kmol·m-3φorg, P/Rh = 4, Vφorg = 75 mL, Vφaq = 25 mL (without swelling), T = 363 K, 
Psyngas = 20 bar (CO/H2 = 1),  = 1200 rpm; n.a. = not available. c Same polymer as the reference 
TPP@CCM-10, isolated after step 2 of the synthesis. d NG: HOOCCH2CH2C(CN)(Me)-[MAA15-co-
PEOMA15]-b-[S360-co-DPPS30-co-DEGDMA10] 
 
IV.2.1 Effect of stirring speed 
In order to enhance the external mass transfer (especially the gas absorption), the 
stirring speed was increased from 1200 to 1400 and 1600 rpm (entries 2a and 2b). Higher 
TOF values were indeed observed, up to 700 h-1 as compared to about 440 h-1 at 1200 rpm. 
This result shows that the reaction kinetics suffers from mass transport limitations. In case of 
a process with kinetics entirely limited by the chemical reaction, the TOF should be 
independent from the stirring speed. Surprisingly, the Rh leaching also increased significantly 
at higher stirring rates (about 5 times higher, i.e. increase of 380%, for a stirring rate increase 
of only 33%). The organic phase obtained after the biphasic reaction at 1600 rpm showed 
little catalytic activity. Higher stirring speeds should thus be avoided in order to limit catalyst 
leaching with this type of CCM. 
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IV.2.2 Effect of CCM size 
Different macromolecular ligands derived from the reference TPP@CCM, by 
varying either the size of the hydrophobic block, functionality or its functionalization degree 
have also been tested under standard condition. The effect of CCM size was probed using 
TPP@CCM-10 (DPn = 500), which has a greater DP (500 for the hydrophobic chain), while 
maintaining the same DPPS:S ratio of 1:9. This did not modify the initial reaction rate, the 
TOF and the l/b ratio (entry 3), indicating that the internal diffusion within the objects is not 
rate-limiting.  
IV.2.3 Effect of phosphine density 
To investigate the influence of the phosphine density within the polymer, two other 
TPP@CCMs were synthetized using DPPS:S ratios of 1:19 (TPP@CCM-5) and 1:3 
(TPP@CCM-25) and evaluated under standard conditions (entries 4 and 5). The higher the 
functionalization degree of the hydrophobic core, the lower the resulting reaction rate. A 
possible rationalization of this result is related to the mass transport limitations, since keeping 
the same TOF when the phosphine density in objects of the same size is multiply by a certain 
factor would require the mass transport to be multiplied by the same factor. The l/b ratio 
increased upon rising the P concentration in the polymer core from 5 to 10% molar of the 
DPPS co-monomer. However a subsequent increase up to 25% molar had no further effect on 
the l/b ratio.  
IV.2.4 BMOPPP@CCM based catalyst 
The performance of the BMOPPP@CCM (BMOPPS:S = 1:19) latex has been 
compared in terms of activity, selectivity and Rh leaching with the TPP@CCM (DPPS:S = 
1:19). The BMOPPP@CCM showed similar catalytic activity and l/b as the corresponding 
5% TPP@CCM, but a much greater Rh leaching (4.5 vs. 1.8 ppm). This leaching does not 
appear related to loss of rhodium from the nanoreactors. Indeed, it is known that RhI binds 
more strongly to P(C6H4-p-OMe)3 than to P(C6H5)3.[5] A possible reason for the greater 
leaching with the BMOPPP@CCM latex will be discussed below.  
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IV.2.5 TPP@M and TPP@NG based catalysts 
Finally, the effect of the nanoreactor architecture and notably the presence and 
special distribution of the cross-linking was evaluated by comparing the performance of two 
additional objects, the simple micelles (TPP@M) and the functionalized nanogel (TPP@NG), 
containing the same phosphine density as the reference TPP@CCM-10 of entry 1 and run 
under the same experimental conditions (see entries 7 and 8). The notable trends are the slight 
increase of activity in the order NG < CCM < M and a substantial increase of leaching in the 
same order (Figure IV. 1).  
 
Figure IV. 1  Monitoring of the syngas consumption for run 7 (blue line), run 1(red line) and run 8 (yellow line) 
(Table IV. 1). 
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IV.3 Activity and stability of the reference TPP@CCM 
A question concerns the possible action of the nano-objects as a surfactant, simply 
yielding a more efficient interfacial catalysis by increasing the water/organic interface area, 
rather than by the micellar principle. This hypothesis could be excluded by the observation of 
a very low activity under the same conditions in the presence of sulfoxantphos (entry 1, Table 
IV. 2), which is a water soluble chelating diphosphine ligand with a greater binding ability for 
rhodium than TPP. Thus, sulfoxantphos keeps the Rh active site in the water phase while the 
1-octene substrate remains in the organic phase and in the CCM core. In case of an interfacial 
effect, the catalytic activity should be high as observed in the presence of other surfactants.[6–
8] Note also that the experiment run in the presence of sulfoxantphos yields almost no 
measurable Rh leaching, giving a first indication that the Rh loss is related to the placement of 
the metal inside the polymer scaffold. 
Table IV. 2  Results of recycling and effect of the sulfoxantphos addition for the biphasic 1-octene 
hydroformylation with the Rh/TPP@CCM latex a. 
Entry Ligand Run Initial rate 
b 
(kmol.m-3φaq.s-1) 
TOFmax b  
(h-1) 
l/b c 
(-)    
Leaching d [Rh]φorg
(ppm) 
1 Reference TPP@CCM + sulfoxantphos e  2.3·10
-5 13 - 0.1 
2a Reference 
TPP@CCM -10 
Original f 6.9·10-4 628 5.0 1.8 
2b Recycle f,g 8.6·10-4 782 3.4 2.5 
3 
Reference 
TPP@CCM -10 
Original 8.5·10-4 473 4.4 2.5 
3r1 1st recycle 9.8·10-4 541 3.9 2.7 
3r2 2nd recycle 9.4·10-4 520 3.4 2.1 
3r3 3rd recycle 8.2·10-4 457 3.2 1.7 
3r4 4th recycle 7.3·10-4 402 3.6 1.7 
 a Standard conditions: [Rh(acac)(CO)2] = 6.5·10-3 kmol·m-3φaq, [1-octene] = 1.1 kmol·m-3φorg, P/Rh = 4 
(based on P contained in TPP@CCM), Vφorg = 75 mL (total volume of 1-octene + n-decanal), Vφaq = 
25 mL (water + 1.4 g TPP@CCM, without swelling), T = 363 K, Psyngas = 20 bar (CO/H2 = 1),  = 
1200 rpm; b initial reaction rate (with respect to non-swollen aqueous phase) and corresponding 
TurnOver Frequency calculated from the syngas consumption during the first 10 minutes following 
gas absorption;  c linear to branched aldehyde ratio determined from the GC/FID analysis of the final 
sample; d Rh concentration in the organic phase measured by ICP/MS; e [sulfoxantphos] = 0.033 
kmol·m-3φaq (sulfoxantphos/Rh = 5). f  Same concentrations in both phases as in the standard conditions, 
except Vφorg/Vφaq = 2. g  The recovered aqueous phase after decantation in air was reintroduced in the autoclave 
after standing in air for 5 days.   
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A major issue of such a catalytic system relies on its stability, which was assessed 
through recycling studies. In a first experiment (entry 2 in Table IV. 2), a catalytic run was 
initially conducted under conditions identical to the standard ones except for the 
organic/aqueous volume ratio (entry 2a). After decantation and removal of the organic 
product phase in air, the aqueous catalyst phase was reinjected into the reactor after storage in 
air for 5 days together with a fresh substrate charge. The result of the corresponding catalytic 
run (entry 2b) showed that the long-term storage in air did not result in any significant 
deactivation.[9] The CO consumption traces of these two catalytic runs are compared in Figure 
IV. 2. This is in stark contrast with the known fragility of the TPP-supported molecular 
catalyst, which needs to be protected from air under a syngas atmosphere to avoid rapid 
deactivation. Thus, a remarkable protecting effect of catalyst by the polymer scaffold is 
demonstrated.  
 
Figure IV. 2  Monitoring of the syngas consumption for run 2a (red line) and 2b (blue line) (Table IV. 2). 
 
The catalyst stability and recyclability was further assessed through four successive 
recycles of the catalytic phase (entries 3r1 to 3r4 of Table IV. 2) always working under a 
protective syngas atmosphere. These four recycles were carried out under the standard 
conditions, without removing the aqueous phase from the autoclave, the major interest in this 
experiment being to follow the trend of the Rh leaching in subsequent runs. The organic phase 
was siphoned out of the autoclave at the end of each run and replaced with a fresh substrate 
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charge. The TOF and l/b values did not vary very much (the slight decrease can at least 
partially be attributed to sample withdrawal for the GC analyses) and the Rh leaching slightly 
decreased after the first two runs, suggesting the presence of slight amounts of a more 
lipophilic fraction in the original latex, but then remained constant beyond the second recycle 
at the level of about 1.7 ppm. This demonstrates the presence of an intrinsic catalyst loss but 
does not prove whether this occurs by Rh extraction from the CCM or by transfer of the entire 
TPP@CCM into the organic phase. The latter hypothesis, however, was supported by DLS 
measurements (see below). 
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IV.4 Leaching investigation  
It is possible in principle to imagine three basic mechanisms leading to Rh leaching 
into the organic product phase: (i) Rh escapes the polymer support and is transported into the 
organic phase by available small molecules as supporting ligands; (ii) the vigorous stirring 
during catalysis mechanically destroys the polymer scaffold by sheer forces generating 
smaller and more lipophilic polymers; (iii) the polymer nanoreactor as such is partly 
transferred to the lipophilic phase during the catalytic procedure. On the basis of the known 
coordination chemistry of rhodium(I), leaching by rhodium extraction from the nanoreactor 
does not appear as a plausible explanation. Indeed, in order to extract the catalytically active 
hydride species from the polymer, the polymer-anchored TPP would have to be exchanged by 
another ligand available in the catalytic mixture. The only available donors are hard oxygen-
based molecules (water, n-nonanal) with much less affinity for RhI than the softer TPP, and 
CO.[10] However, [RhH(CO)4] is a very elusive compound which could be observed (in the 
absence of TPP) only in small equilibrium amounts with [Rh4(CO)12] and H2 under a high 
pressure of H2 and CO.[10] The comparative leaching results reported above for the 
TPP@CCM and BMOPPP@CCM catalytic runs suggest that metal escape from the 
nanoreactor is not the main cause for leaching. In addition, the results shown in Chapter 3 
have demonstrated that escape from the polymer core as a molecular species and crossing of 
the continuous phase is, at best, a very minor pathway for interparticle metal migration. Thus, 
leaching is more probably associated to metal transport to the organic phase by the polymer, 
either as the entire nanoreactor or as smaller components. In order to find conclusive evidence 
in support of this proposition, we attempted to carry out an ICP/MS analysis of phosphorus in 
the product phase. This measurement, however, turned out inconclusive because of some 
interferences due to the presence of phosphorous traces in n-decanal. Thus, we turned to a 
DLS analysis of the organic phase.   
IV.4.1 Control experiments 
Control experiments run with TPP@CCM in n-decanal/water, without Rh 
coordination and without 1-octene and syngas but under the same conditions of the catalysis 
(warming for 2.5 h at 90 °C with stirring at 1200 rpm) confirmed the transfer of particles to 
the organic phase (DLS measurement, Figure IV. 3), although the amount of particles was not 
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sufficient to induce significant turbidity. Interestingly, the size of the particles measured by 
DLS in the organic phase depended on the delay of the measurement after the end of the 
treatment: Dz = 283 nm, PDI = 0.33 immediately after cooling; Dz = 186 nm, PDI = 0.10 
after one week standing at room temperature, see Figure IV. 3. Noteworthy, there is no DLS 
intensity corresponding to smaller particle diameters than those of the synthesized polymers 
(Chapter 2, Table II.3), indicating that stirring does not cause break-up of the nano-objects 
into smaller pieces. The size distribution measured immediately is very broad and extends to 
diameters well beyond the maximum value expected for swelling individual particles, as 
suggested by the particle size in THF solution (see Chapter II). This indicates the occurrence 
of particle agglomeration, confirming all the results presented in Chapter III. However, these 
agglomerates are slowly redispersed upon standing at room temperature. When the same 
experiment was carried out at room temperature, on the other hand, no transfer was observed. 
Unfortunately, the DLS signal does not carry quantitative information, thus the solubility of 
the TPP@CCM in n-decanal cannot be estimated and compared with the Rh loss observed 
during catalysis. 
 
Figure IV. 3  DLS analysis of the recovered organic phase after stirring the TPP@CCM with n-decanal for 2.5 h 
at 90°C. The measurements were carried out at r.t. immediately (plain line) and one week (dotted line) after the 
end of the experiment. 
 
When the polymer transport control experiment was carried out for the latex 
containing the Rh precatalyst [Rh(acac)(CO)2] (P/Rh = 4), once again no significant signal 
was detected in the organic phase when the stirring was carried out at room temperature. 
However, when the experiment was carried out at 90°C, the recovered organic phase showed 
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again strong light scattering. This time, the DLS signal indicated a bimodal distribution, a 
minor mode centered at slightly above 100 nm and a major one centered at ca. 650 nm, see 
Figure IV. 4, solid curve. In addition, prolonged heating of this latex resulted in precipitation 
of the polymer as an orange solid, which could no longer be dispersed in the aqueous phase. 
Quite evidently, the presence of rhodium favors aggregation, a phenomenon accentuated by 
heating and stirring, and the resulting aggregates appear to be extracted into the organic phase 
more readily than the non aggregated CCMs. A tentative explanation of the Rh-induced 
aggregation phenomenon is cross-linking of different polymer cores. Indeed, [Rh(acac)(CO)2] 
is known to replace only one CO ligand upon interaction with triphenylphosphine at room 
temperature to yield [Rh(acac)(CO)(TPP)], but heating induces also the exchange of the 
second CO ligand to yield [Rh(acac)(TPP)2].[11] Therefore, the same Rh atom has the 
possibility to be coordinated by two TPP ligands from two different CCM cores. As has been 
demonstrated in Chapter III, whenever Rh can coordinate more than one TPP ligand, given 
the nanoparticle ability to reversibly interpenetrate, irreversible particle aggregation may 
occur. Upon standing for one week at room temperature, the recovered n-decanal solution 
from this control experiment also exhibited a slight shrinkage in average size (to ca. 500 nm 
for the major mode), which can be attributed to partial loss of swelling solvent and/or partial 
disaggregation, see dashed curve in Figure IV. 4, but the bimodal size distribution persists 
indicating that the interparticle cross-linking is irreversible. Note that this cross-linking 
phenomenon is very similar to that discovered when adding NaOH or NaCl to a latex that 
contains a P/Rh ratio of 2, detailed previously in Chapter III. Once again, like for the DLS 
study of the Rh-free latex, there is no scattered light intensity at smaller diameters than those 
of the synthesized particles, suggesting that polymer break-up by sheer forces is not occurring 
to any significant extent.  
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Figure IV. 4  DLS analysis of the recovered organic phase after stirring the [Rh(acac)(CO)(TPP@CCM)] 
solution (TPP/Rh = 4) with 1-decanal for 2.5 h at 90°C. The measurements were carried out at r.t. immediately 
(plain line) and one week (dotted line) after the end of the experiment. 
 
IV.4.2 Investigation of Rh leaching related to the stirring speed and phosphine 
nature.   
The above DLS investigations have demonstrated that: (i) the polymeric 
nanoreactors are slightly soluble in the organic phase at high temperature; (ii) they migrate to 
the organic phase as aggregates composed of several interpenetrated nanoreactors; (iii) the 
interpenetration process is reversible in the absence of Rh; (iv) the presence of reactions 
leading to Rh(TPP)2 products, combined with the particle interpenetration, renders the 
aggregation phenomenon irreversible; (v) sheer forces do not lead to any significant 
mechanical destruction of the polymer scaffold. The DLS investigation of the recovered 
organic phases after catalysis gives additional useful information on the leaching phenomenon. 
The particle size distribution in the recovered organic phase is a function of the stirring rate 
(entries 1, 2a and 2b of Table IV. 1), as shown in Figure IV. 5. Again, the DLS signal 
unfortunately does not carry quantitative information for correlation with the Rh leaching. 
However, the DLS measurement shows that the particle size distribution is displaced toward 
greater dimensions for higher stirring rates. In addition, a bimodal distribution is observed for 
the phase recovered from the experiment at the highest stirring speed. On the basis of the 
control experiments described in the previous section, we propose that the greater stirring rate 
induces greater interparticle crosslinking and hence more extensive transfer toward the 
organic phase. Considering the nature of the active catalyst as [RhH(CO)4-n(TPP)n], the 
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species with n  = 1 may be prevalent at high CO pressure and indeed this is considered as the 
most active form of the catalyst[1]  but other species with n  > 1 may also be present, especially 
at high P/Rh ratios. While these species may preferentially form with implication of different 
TPP functions within the same CCM (chelation or crosslinking different arms within the same 
particle), the possible implication of TPP ligands from arms belonging to different cores can 
lead to bigger particle aggregates. Interparticle cross-linking can obviously occur only if the 
polymer particles are able to interpenetrate, which has been unambiguously demonstrated by 
the metal migration and coordination chemistry studies in Chapter 3.  
 
Figure IV. 5  DLS analysis of the recovered organic phases after the catalytic runs at different stirring speeds. 
1200 rpm: plain line. 1400 rpm: dashed line. 1600 rpm: dotted line. The measurements were carried out at r.t. ca. 
1 year after the catalytic experiments. 
Finally, a DLS study was also carried out on the recovered organic phase of the 
catalytic experiment run with the catalyst supported in the BMOPPP@CCM nanoreactors 
(entry 6 of Table IV. 1). The result is shown in Figure IV. 6. In comparison with the 
distribution measured for the recovered organic phase for the related experiment with the 
TPP@CCM nanoreactors carried out at the same agitation speed, the particle size distribution 
is very different: there is a minor distribution centered slightly above 100 nm and 
corresponding to individual swollen polymer particles (cf. the size of the pristine polymer in 
Table II.4) and a major distribution of much greater size (ca. 1 μ) indicating extensive 
aggregation.  This phenomenon can be related to the known greater binding power of the 
electronic richer BMOPPP. Presumably, the equilibrium between the [RhH(CO)3(BMOPPP)] 
and [RhH(CO)2(BMOPPP)2] is much more shifted towards the bis-phosphine adduct relative 
to the TPP system, leading to the more extensive cross-linking and aggregation of the 
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BMOPPP-functionalized polymer particles in the presence of the rhodium catalyst. This 
results is in further agreement with the notion that catalyst leaching is related to the 
phenomenon of nanoparticle aggregation.  
 
Figure IV. 6  DLS analysis of the recovered organic phases after the catalytic run with BMOPPP@CCM and 
comparison with the catalytic run with TPP@CCM at the same agitation speed (1200 rpm). 
 
Note that the measured leaching for the BMOPPP@CCM catalyst (4.5 ppm, entry 6 
of Table IV. 1), is greater than that for the similar TPP@CCM-5 catalyst (1.8 ppm, entry 5 of 
Table IV. 1) but ratio of the two is not as large as the ratio between the particle size measured 
by DLS in Figure IV. 6. On the other hand, the ratio of the Rh leaching between runs 2b and 1 
in Table IV. 1 is much greater than the ration of the particle size measured by DLS in Figure 
IV. 5. In order to bring the qualitative relationship between leaching and particle aggregation 
to a more quantitative level, additional systematic studies are clearly needed.  
   
10 100 1000
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Conclusions and outlook 
 
The principal objective of this work was the exploration of a new approach in 
aqueous biphasic catalyst by confinement of the catalysis in the hydrophobic core of water 
dispersed microgels (core-cross-linked micelles). The principle has been extrapolated from 
micellar catalysis, where substrates having a strong hydrophobic character can be stabilized 
and converted in the aqueous phase by encapsulation within the lipophilic micellar cavity. In 
our approach, the drawbacks associated with the stability of micelles can be avoided by 
linking the structure into a unimolecular object. The hydrophobic inner layer can provide a 
suitable microenvironment to insure the catalytic transformation of highly hydrophobic 
substrates while the hydrophilic outer shell keeps the objects as a stable dispersion in water.  
We have developed the first ligand-functionalized CCM as well as nanogel versions 
of them (NG) that function as macroligands for industrially relevant catalysis operating 
through the micellar principle under aqueous biphasic conditions. The efficiency of these 
unimolecular micelles as catalytic nanoreactors has been shown using the industrially relevant 
hydroformylation of a higher α-olefin, 1-octene, as a test reaction yielding turnover 
frequencies and l/b ratio comparable to those of related homogeneous systems. However, the 
catalyst phase could be easily separated from the organic product phase and recycled. A 
remarkable protecting effect of the active catalyst by the polymer scaffold has also been 
demonstrated. Catalyst leaching was reduced relative to the non-cross-linked micelles having 
the same chemical constitution, but residual catalyst loss still occurs. Our investigations of 
performance as a function of several parameters have shown that leaching is related to 
transport of the product-swollen particles to the organic phase, a phenomenon which appears, 
at least for the CCM, to be facilitated by agglomeration following particle interpenetration. 
This phenomenon is accentuated by heating and stirring. Through room temperature NMR 
investigations on the swollen nanoreactors, we have indeed revealed that particle 
interpenetration is, at least for the CCM, rapid and reversible, allowing very rapid exchange of 
the metal complexes between different nanoreactor cores.  
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The investigation has also revealed unexpected interesting phenomena, such as the 
confinement of part of the hydrosoluble PEO chains into the hydrophobic core, depending on 
the nature of the swelling solvent, a phenomenon that appears to be related to a peculiar 
structuring of the nano-object core-shell interface. This phenomenon also appears to be 
responsible for the rapid vectorization of ionic compounds from water to the hydrophobic 
core, evidence by the discovery of a simple yet previously unreported transformation of the 
rhodium(I) coordination sphere. This vectorization phenomenon may be relevant in the 
context of the transport of ionic compounds across biological lipophilic barriers.  
Numerous avenues are now open for further explorations. It would be of interest to 
establish whether the agglomeration phenomenon depends on the polymer architecture (CCM 
vs. NG) and whether heating and stirring rate have the same effect for the TPP@NG 
macroligands as for TPP@CCM. Other pre-catalysts can be incorporated into these 
nanoreactors and applied to other catalytic reactions such as hydrogenation of hydrophobic 
carboxylic acid, which draw particular attention in the fine chemicals field. 
New polymers with a different chemical environment in the core and/or in the shell 
may be developed aiming at a better catalyst confinement in the aqueous phase (less 
interparticle interpenetration, lower high-temperature lipophilicity). New polymers can be 
developed with incorporation of other ligand functionalized monomers for fine tuning of 
catalysis. Use of styrene-containing analogues of XANTPHOS [12,13] is one of the next targets. 
It has already been reported that analogues of XANTPHOS can be synthesized by 
straightforward condensation of known intermediates[14,15] and commercially available 4-
vinylbenzylchloride. Other ligands, like BIPHEPHOS[16] of BINAPHOS[17], also known to 
provide excellent results in linear α-olefin hydroformylation catalysis, may also be developed. 
Analogues containing NHC donors will also be developed. Note that NHC-based Rh 
complexes have shown excellent activity and Rh-NHC bond stability[18–20] in olefin 
hydroformylation. We also wish to test planar chiral ferrocenyl ligands under biphasic 
condition once incorporated in the CCM, expanding on the studies presented here with the 
racemic and sulfur-protected ferrocenyl ligand monomer (PS, S).  
 
183 
  
XANTPHOS type BINAPHOS type 
 
  
184 
 
185 
 
 
 
 
Chapter V 
Experimental section 
  
186 
  
187 
Table of contents 
 
Chapter V Experimental section ......................................................................................... 189 
V.1 General procedure ..................................................................................................... 189 
V.2 Protocols for chapter II ............................................................................................. 193 
V.3 Protocols for chapter III ........................................................................................... 205 
V.4 References ................................................................................................................... 213 
  
188 
  
189 
Chapter V Experimental section 
 
V.1 General procedure 
V.1.1 Materials 
All manipulations were performed under an inert atmosphere of dry argon by using Schlenk 
line techniques. (Dimethylaminomethyl)ferrocene (FcCH2NMe2, 96%, Aldrich), Cesium 
carbonate (CsCO3, 99%, Alfa), chlorobis(4-methoxyphenyl) phosphine, (>98%, Alfa), 4-
bromostyrene (98%, stab. with 0.1% 4-tert-butylcatechol, Alfa), solution tetrafluoroboric acid 
(54% in diethyl ether, Aldrich), 4-mercaptophenol (TCI), 4-chloromethylstyrene (90%, 
contains 500 ppm tert-butylcatechol, Aldrich), raney nickel (Ni, ≥89% in water, Aldrich), 2-
bromo-2-methylpropionyl bromide (98%, Acros), 4-dimethylaminopyridine (DMAP, TCI), 
phenylmagnesium chloride (2 M in THF, Aldrich), carbon disulfide (anhydrous, ≥ 99%, 
Aldrich), 2,2’-azobis(2-methylpropionitrile) (AIBN, ≥98%, Aldrich), sodium bicarbonate 
(NaHCO3, ≥99.7%, Aldrich), 4,4’-azobis(4-cyanopentanoic acid) (ACPA, ≥97%, Aldrich), 
methacrylic acid (MAA, 99.5%, Acros), poly(ethylene oxide) methyl ether methacrylate 
(PEOMA, Mn = 950 g mol-1, Aldrich), di(ethylene glycol) dimethacrylate (DEGDMA, 95%, 
Aldrich), 4-diphenylphosphinostyrene (DPPS, 97%, Aldrich), 4-acryloylmorpholine (NAM, 
TCI), acrylic acid (AA, 99.5%, Acros), 4-vinylpyridine (4VP, contains 100 ppm 
hydroquinone, 95%, Aldrich), acetylacetonatodicarbonyl rhodium(I), ([Rh(acac)(CO)2], 99% 
Strem), chloro(1,5-cyclooctadiene)rhodium(I) dimer ([Rh(COD)Cl]2, 98%, Strem), 
chloro(1,5-cyclooctadiene) iridium(I) dimer, [Ir(COD)Cl]2 (99%, Strem), 
chloro(dimethylsulfide)gold(I) (AuClS(CH3)2, Aldrich), tris(4-methoxyphenyl) phosphine 
(TMOPP, >95%, TCI), triphenylphosphine (PPh3 or TPP, >98.5%, Fluka), and  were used as 
received.  
The deuterium solvent (CDCl3, CD2Cl2, toluene-d8, THF-d8, DMSO-d6 and D2O) provided by 
Eurisotop were used as received. Styrene (S, 99%, Acros) was purified by passing through a 
column of active basic aluminium oxide to remove the stabilizer. The RAFT agent 4-cyano-4-
thiothiopropylsulfanyl pentanoic acid (CTPPA) was synthesized as described previously.[1] 
Mg turnings was washed with HCl (1M) until the metallic colour appearing then washed with 
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diethyl ether. Boltorn@H-30 was graciously offered by Professor Sergio Castillon (Rovira I 
virgili University, Tarragone).  
V.1.2 Characterization techniques  
V.1.2.1 Nuclear magnetic resonance (NMR):  
All the 1D NMR spectra and 2D 1H-13C HMQC NMR spectra were recorded in 5 mm 
diameter tubes at 297 K on a Bruker Avance 400 spectrometer. The 1H and 13C chemical 
shifts were determined using the residual peak of deuterated solvent as internal standard and 
are reported in ppm (δ) relative to tetramethylsilane. 31P chemical shifts are reported relative 
to external 85% H3PO4. Peaks are labelled as singlet (s), doublet (d), triplet (t), multiplet (m) 
and broad (br). The aromatic C position are labeled as Ci (ipso, P bonded), Co (ortho), Cm 
(meta) and Cp (para, bonded to OMe or to CH=CH2). For the CCM characterization, the 
chemical shift scale was calibrated on the basis of the solvent peak (δ 2.50 for DMSO, 3.58 
and 1.73 for THF), and 1,3,5-trioxane was used as an integration reference (δ 5.20). The 2D 
31P-31P COSY, 31P-103Rh HMQC and 31P-103Rh HSQC were recorded on a Bruker Avance 500 
spectrometer. 
The solid-state 13C NMR experiment was recorded on a Bruker Avance 500 spectrometer 
equipped with a 3.2 mm probe. The sample was spun at 16 kHz at the magic angle using ZrO2 
rotors, using a small flip angle (~30°) with a recycle delay of 5 s and a contact time of 2 ms. 
V.1.2.2 Size exclusion chromatography (SEC):  
Size exclusion chromatography (SEC) measurements were performed in THF (with 
butylhydroxytoluene (BHT) as a flow rate marker) at 20°C with a flow rate of 1.0 mL min-1. 
The polymers with unkown dn/dc were analyzed at a concentration around 5 mg mL-1 after 
filtration through a 0.45 μm pore-size membrane. The dn/dc = 0.172 was determined with a 
linear polymer from step 2 of the CCM-10 synthesis. The separation was carried out on a pre-
column and three columns in series (type Styragel HR1 / HR3 / HR4). A multi-angle diffusion 
light scattering (Mini Dawn TriStar Wyatt) was used as detector coupled with a Wyatt Optilab 
Rex refractometer. For the linear polymers obtained from step 2 of the CCM-5, CCM-10 and 
CCM-10 (DPn=500) syntheses, the SEC analyses were performed in DMF (+ LiBr, 0.01 mol 
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L-1 and toluene as a flow rate marker) at 50°C and a flow rate of 1.0 mL min-1 using a 
Viscotek TDA305 equipment (SEC-DMF). All polymers were analyzed at a concentration of 
3 mg mL-1 after filtration through a 0.45 μm pore-size membrane. The separation was carried 
out on three columns from PSS GRAM (7 m, 300 x 7.5 mm). The set-up was equipped with 
a refractive index (RI) detector (λ = 670 nm). The average molar masses (number-average 
molar mass, Mn, and weight-average molar mass, Mw) and the dispersity (Ð = Mw/Mn) were 
derived from the RI signal by a calibration curve based on poly(methyl methacrylate) 
standards (PMMA from Polymer Laboratories) for the analysis of the methylated P(MAA-co-
PEOMA)-TTC macroRAFT and on polystyrene standards (PS from Polymer Laboratories) 
for the analysis of the block copolymers. The software used for data collection and calculation 
was OmniSec version 4.7 from Malvern Instruments. 
V.1.2.3 Dynamic light scattering (DLS) 
The intensity-average diameters of the latex particles (Dz) and the dispersity factor (PDI, 
polydispersity index) were obtained from measurements carried out at 25°C on a Malvern 
Zetasizer NanoZS. After filtration through a 0.45 μm pore-size membrane, deionized water or 
THF were used to dilute the latex sample. The solutions were analyzed without further 
filtration to ensure that undesired populations were not removed. Data were analyzed by the 
general-purpose non-negative least squares (NNLS) method. The typical accuracy for these 
measurements was 10-15%. 
V.1.2.4 Transmission electron microscopy (TEM): 
The morphological analysis of the copolymer nano-objects was performed with a JEOL JEM 
1011 transmission electron microscope equipped with 100kV voltage acceleration and 
tungsten filament (Service Commun de Microscopie Electronique TEMSCAN, Centre de 
Microcaractérisation Raimond Castaing, Toulouse, France). Diluted latex samples were 
dropped on a formvar/carbon-coated copper grid and dried under vacuum.  
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V.1.2.5 Mass spectrometry (MS):  
The mass spectral analyses were performed with a high resolution electrospray XevoG2QT 
Waters instrument by the “Service Commun de Spectrometrie de Masse” of the Université 
Paul-Sabatier, Toulouse, France. 
V.1.2.6 Fourier transform infrared spectroscopy (FTIR):  
Infrared spectra on the colloidal solutions were measured with an FTIR 6700 
ThermoScientific spectrometer equipped with DLaTGS detector. All spectra were collected in 
the transmission mode using a sealed cell equipped with CaF2 windows with 20 scans and a 
nominal resolution of 4 cm-1.  
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V.2 Protocols for chapter II 
V.2.1 Synthesis of 4-[bis(4’-methoxyphenyl)phosphino]styrene (BMOPPS) 
Chlorobis(4-methoxyphenyl)phosphine (1 g, 3.56 mmol) was added slowly at 0 °C to a 
solution of the Grignard reagent prepared from 4-bromostyrene (0.65 g, 3.56 mmol) and Mg 
(0.104 g, 4.275 mmol) in dry THF (4 mL). After the addition was complete, the reaction 
mixture was stirred at room temperature for 3 h. The reaction mixture was then diluted with 
ethyl acetate (30mL) and washed sequentially with water (2x50 mL), 10% aqueous HCl (2x50 
mL), saturated aqueous NaHCO3 (2x50 mL), and brine (2x50 mL). The organic layer was 
dried over MgSO4, filtered, and concentrated in vacuum. The crude product was purified 
under an argon atmosphere by silica gel chromatography (5% Et2O/hexanes, then Et2O) to 
afford 4-[bis(4’-methoxyphenyl)phosphino]styrene as a white solid (0.66 g, 53%). 1H NMR 
(400 MHz, CDCl3): δ 7.39-7.22 (m, 8H, CH Ar), 6.93-6.90 (m, 4H, CH Ar), 6.72 (dd, 1H, J = 
11.4 Hz, J = 17.7 Hz, CH=CH2), 5.78 (d, 1H, J = 17.9 Hz, CH=CH2), 5.29 (d, 1H, J = 11.4 
Hz, CH=CH2), 3.83 (s, 6H, CH3 OMe). 31P{1H} NMR (162 MHz, CDCl3, 298K): δ -8.93. 
13C{1H} NMR (101.5 MHz, CDCl3): δ 160.3 (s, Cp (OMe)), 138.2 (d, 1C, JC-P =10.1 Hz, Ci,), 
137.5 (s, 1C, Cp (CH=CH2)), 136.5 (s, 1C, CH=CH2), 135.3 (d, JC-P = 21.3 Hz, Cm(OMe)), 
133.3 (d, JC-P = 19.3 Hz, Cm(CH=CH2)), 128.2 (d, JC-P = 8.1 Hz, Ci, 2C), 126.2 (d, JC-P = 6.1 
Hz, Co(CH=CH2)), 114.4 (s, CH=CH2), 114.2 (d, JC-P = 8.1Hz, Co (OMe)), 55.2 (s, OCH3); 
HR EI-MS calcd for C22H21O2P 348.1356, found 348.1348. Tm: 123°C. Elemental analysis for 
C22H21O2P·0.1CH2Cl2 : C% 74.38, H% 5.99, found C% 74.57, H% 5.51. 
V.2.2 Synthesis of (2-thiodiphenylphosphino)(4’-hyroxyphenylthiomethyl)ferrocene 
(II.2) 
The racemic II.2 was synthesized by adapting a literature procedure.[2,3] (2-
thiodiphenylphosphino)hydroxymethylferrocene (II.1) (2.2 g, 5 mmol) was added very 
quickly under argon to a degased flask, which had previously been dried in an oven at 100°C 
for 3 h, followed by dried CH2Cl2 (22 ml). A 54% solution of tetra-fluoroboric acid in ether 
(2.46 ml) was then added at RT under argon. After 1 min of stirring, the dry solution of 4-
mercaptophenol (19.24 g, 0.153 mol) in CH2Cl2 (40 ml) was added. After 1 min of stirring, 
were quickly passed through a short silica gel column with ether as eluent. The product was 
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washed with 200 ml of a 2N NaOH water solution, then twice with 200 ml of water and 
finally twice with 200 ml of brine. The organic solution was dried over Na2SO4. After 
evaporation of the solvent, 2.6 g of ligand II.2 were obtained (yellow solid, yield = 94.5%). 
1H NMR (400 MHz, CDCl3): δ 7.86-7.81 (m, 2H, PPh2), 7.72-7.66 (m, 2H, PPh2), 7.55-7.37 
(m, 6H, PPh2), 7.16 (d, 2H, J = 8 Hz, SPhOH), 6.72 (d, 2H, J = 8 Hz, SPhOH), 4.42 (d, 2H, 
J=12 Hz, CH2S), 4.4 (s, 1H, Cp), 4.3 (s, 5H, Cp), 4.27 (s, 1H, Cp), 4.13 (d, 2H, J=12 Hz, 
CH2S), 3.8 (s, 1H, Cp). 31P{1H} NMR (162 MHz, CDCl3, 298K): δ 41.5. 
V.2.3 Synthesis of the sulfur-protected ligand monomer, (PS, SR) (II.3) 
CsCO3 (5.8 g, 18 mmol), THF (72 ml) and compound II.2 (2.4 g, 4 mmol) were charged in a 
Schlenk tube. The tube was deoxygenated by three freeze-pump-thaw cycles and placed in an 
oil bath thermostated at 40°C overnight. The next day, 4-chloromethylstyrene (1.3 ml, 8.9 
mmol) was added under argon. The reaction mixture was stirred at room temperature for 24 h. 
The mixture was purified by filtration through Celite in air, followed by flash chromatography 
with elution by pentane/CH2Cl2 (60/40 vol), then pentane/CH2Cl2 (20/80 vol) (for the 
product) and finally ether (for the unreacted II.2). After solvent evaporation, 1.45 g of ligand 
monomer (PS, SR) (II.3) were obtained (yellow solid, yield = 50%). The recycled II.2 was 
used again for the same synthesis, bringing the overall product yield to 72%. 1H NMR (400 
MHz, CDCl3): δ 7.88-7.83 (m, 2H, PPh2), 7.74-7.68 (m, 2H, PPh2), 7.54-7.39 (m, 10H, PPh2, 
OPhC=C), 7.21 (d, 2H, J = 8 Hz, SPhOH), 6.87 (d, 2H, J = 8 Hz, SPhOH), 6.75 (dd, 1H, J = 
10.8 Hz, J = 17.6 Hz, CH=CH2), 5.79 (d, 1H, J = 17.6 Hz, CH=CH2), 5.3(d, 1H, J = 10.8 Hz, 
CH=CH2), 5.04 (s, 2H, OCH2), 4.43 (d, 2H, J = 12 Hz, CH2S), 4.4 (s, 1H, Cp), 4.3 (s, 5H, Cp), 
4.27 (s, 1H, Cp), 4.13 (d, 2H, J=12 Hz, CH2S), 3.8 (s, 1H, Cp). 31P{1H} NMR (162 MHz, 
CDCl3, 298K): δ 41.5. HR EI-MS calcd for C22H21O2P 656.1060, found 656.1065.  
V.2.4 Desulfuration of II.3  
Raney nickel (1.8 g, 30.5 mmol) was charged in a Schlenk tube and washed sequentially by 
three portions of MeOH, DEE and dry acetonitrileto remove H2O, then compound II.3 (200 
mg, 0.3 mmol) and dry acetonitrile (15 mL) were added. The reaction mixture was stirred at 
room temperature for 3 days. The mixture was purified by passing through a short silica 
column. After evaporation of the solvent, 120 mg of product, considered to contain the ligand 
monomer (P, SR) (II.4) were obtained (yellow solid, yield = 63%). 1H NMR (400 MHz, 
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CDCl3): δ 7.57-7.14 (m, 14H, PPh2), 6.99 (m, 4H, PPh2), 6.73 (dd, 1H, J = 10.8 Hz, J = 17.6 
Hz, CH=CH2), 5.78 (d, 1H, J = 17.6 Hz, CH=CH2), 5.5-5 (br), 5.27 (d, 1H, J = 10.8 Hz, 
CH=CH2), 5.08 (s, 2H, OCH2), 4.35 (s, 1H, Cp), 4.17 (s, 1H, Cp), 4.04 (s, 5H, Cp), 3.58 (s, 
1H, Cp). 31P{1H} NMR (162 MHz, CDCl3, 298K): δ -21.7. 
V.2.5 Synthesis of Boltorn® H30-Br 
Boltorn® H30 (4.9 g, 47.6 mmol OH) was dried under vacuum under heating and RT 
overnight. In a Schlenk tube Boltorn H-30 (4.9 g, 47.6 mmol OH) was dissolved in 140 ml of 
dry THF. After complete solubilization, a solution of 4-(dimethylamino) pyridine (11.63 g, 95 
mmol) and NEt3 (6 g, 59.5 mmol) in 60 ml of dry THF was added followed by 2-
bromoisobutyrate (54.7 g, 234 mmol, 5 eq) which was added dropwise at -10°C. The reaction 
mixture was stirred at room temperature under argon for 48 h, generating a precipitate. Then 
additional 2-bromoisobutyrate (1 eq) was added. After 24 hours of further stirring, the 
solution was filtrered and then the filtrate was concentrated. The crude product was obtained 
as a brown viscous liquid (11.38 g, yield = 70%) by precipitation into cold MeOH (-60°C) 
followed by drying under vacuum.  
V.2.6 General procedure for the synthesis of the Boltorn® H30-DTB macroRAFT 
agent 
Only the synthesis of the B-4 sample will be detailed: phenylmagnesium chloride (5.64 ml of 
a 2 M solution in THF, 11.3 mmol) was charged in a deoxygenated Schlenk flask under argon. 
The reaction mixture was placed in an acetone bath and stirred. CS2 (0.75 ml, 12.4 mmol) was 
added dropwise at -78°C. After 1 h of stirring in the cold bath and then 30 min at RT, a 
solution of Boltorn® H30-Br (1.8 g, 7.5 mmol Br) in dry THF was slowly added. The 
reaction mixture was then heated to 87°C in a thermostated oil bath with stirring for 5 days. 
The reaction was quenched by adding a few drops of water. After evaporation of the THF 
solvent, 200 ml CH2Cl2 were added to dissolve the crude product and the mixture was purified 
by passing through Celite in air and then washed several times with water (200 ml). The 
organic solution was finally dried over Na2SO4 and evaporated under vacuum. The product 
was then precipitated in diethyl ether to afford 0.9g (yield= 33%) of a pink solid. 
Amounts use for the other syntheses:  
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B-1: phenylmagnesium chloride (2.3 ml, 4.6 mmol), CS2 (0.3 ml, 5 mmol) and Boltorn-Br (1 
g, 4.1 mmol Br): 0.6 g, yield = 40% 
B-2: phenylmagnesium chloride (9.6 ml, 19 mmol), CS2 (1.3 ml, 21 mmol) and Boltorn-Br 
(2.3 g, 9.6 mmol Br): 0.9 g, yield= 26% 
B-3: phenylmagnesium chloride (37.6 ml, 75 mmol), CS2 (5 ml, 83 mmol) and Boltorn-Br (6 
g, 20 mmol Br): 4.6 g, yield = 50.8% 
V.2.7 Polymerization of styrene using the Boltorn® H30-DTB macroRAFT agent B-
4 
A stock solution containing AIBN (11.1 mg ml-1) in DMF (1 mL) was prepared. In a typical 
experiment, 100 μL of this stock solution, styrene (1.35 g, 12.9 mmol) and the macroRAFT 
agent B-4 (40 mg, 0.07 mmol of DTC) and anisole (0.5 ml) were charged in a flask. DMF was 
also added as an internal reference for the determination of the monomer conversion by 1H 
NMR. The flask was deoxygenated by bubbling argon for 30 minutes and placed in an oil 
bath thermostated at 110°C for 24 hours. Samples were taken periodically under an argon 
atmosphere during the polymerization, and the conversion and molecular weights were 
determined by 1H NMR and SEC, respectively. The polymerization was stopped by opening 
the reaction vessel and exposing the contents to air and cooled in an ice bath. The polymer was 
isolated by precipitation with MeOH. The overall conversion was 28%. 
V.2.8 Auto-initiated polymerization of styrene using the macroRAFT agent B-4 
In a typical experiment, styrene (1.35 g, 12.9 mmol) the macroRAFT agent B-4 (40 mg, 0.07 
mmol) and anisole (1 mL) were charged in a flask. DMF was added into the flask as an 
internal reference for the determination of the monomer conversion by 1H NMR. The flask 
was deoxygenated by bubbling argon for 30 minutes and placed in an oil bath thermostated at 
130°C for 17 hours. Samples were taken periodically under an argon atmosphere during the 
polymerization, and the conversion and molecular weights were determined by 1H NMR and 
SEC, respectively. The polymerization was stopped by opening the reaction vessel and 
exposing the contents to air. The polymer was isolated by precipitation with MeOH. The 
overall conversion was 68%.  
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V.2.9 Synthesis of TPP@CCM-25 by one-pot RAFT polymerization in water 
Step 1: Preparation of the P(MAA-co-PEOMA)-TTC macromolecular RAFT agent 
(macroRAFT) in water. A stock solution containing ACPA (40 mg) and NaHCO3 (40 mg) in 
deionized water (5 mL) was prepared. 1 mL of this stock solution (8 mg ACPA, 0.029 mmol), 
CTPPA (40 mg, 0.14 mmol), MAA (0.19 g, 2.2 mmol), PEOMA (2 g, 2 mmol) and 7.8 g of 
additional deionized water were placed into a 50 mL flask equipped with a magnetic stirrer 
bar, which was then sealed with a rubber septum. 1,3,5-Trioxane was also added to the 
mixture as an internal reference for the determination of the monomer conversion by 1H NMR. 
The solution was purged for 45 min with argon and then heated to 80°C in a thermostated oil 
bath with stirring. After 120 min, 0.15 mL of solution was taken to determine the monomer 
conversion and the molar mass of the macroRAFT product. The overall monomer molar 
conversion was about 98% as determined by 1H NMR spectroscopy in DMSO-d6. The molar 
mass was analyzed by size exclusion chromatography (SEC) in THF (experimental Mn = 
12100 g mol-1; Ɖ = 1.2). Step 1 was identical for all four methods below. Only the step 2 will 
be detailed for each method. 
Step 2: RAFT copolymerization of S and DPPS in water. 
Method 1. Convential method for step 2. A solution of DPPS (2.97 g, 10 mmol, 25 %mol 
relative to S) dissolved in S (3.36 g, 32.3 mmol) and a solution of deionized water (11.6 g), to 
which was also added the ACPA stock solution (1 mL containing 8 mg of ACPA, 0.029 
mmol) were separately purged for 45 min with an argon stream at 0°C. These two solutions 
were quickly injected under argon at 80°C into the flask containing the macroRAFT agent at 
the end of step 1. After 3 hours of further stirring for the resulting suspension, the 
polymerization was quenched by immersion of the flask in iced water, resulting in a complete 
coagulation. 
 
Method 2. Co-solvent method for step 2. This procedure is identical to method 1 described 
above, except that the monomer phase (DPPS: 2.94 g, 10 mmol, and S: 3.4 g, 32.6 mmol) was 
diluted with toluene (6.4 g, 0.069 mmol). The aqueous solution contained 11 g of deionized 
water and 8 mg of ACPA, 0.029 mmol. After quenching, the overall conversion of S (13%) 
was determined by gravimetric analysis and that of DPPS (24%) was measured by 31P NMR 
in THF-d8. 
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Method 3. Micellar method for step 2.  A two-phase mixture of S (0.76 g, 7.3 mmol) and 
the ACPA stock solution (0.97 g containing 8 mg of ACPA, 0.029 mmol) was purged for 45 
min with an argon stream at 0°C. This mixture was quickly injected under argon at 80°C into 
the flask containing the macroRAFT agent at the end of step 1. After 3 hours of stirring, the 
polymerization was quenched by immersion of the flask in iced water. Then S (2.59 g, 24.8 
mmol), 0.137 g, DPPS (3 g, 10.6 mmol, 25 %mol relative to S), 1 g of the ACPA stock solution 
(8 mg of ACPA, 0.029 mmol) and 7.14 g of deionized water were added. The resulting 
mixture was purged for 1 h with argon at 0°C, and the flask was then placed in an oil bath 
thermostated at 80°C. After 3.5 h of further stirring, the polymerization was quenched by 
immersion of the flask in iced water, resulting in a complete coagulation. 
 
Method 4. Delay method for step 2. This procedure is identical to method 1 described above, 
except that 1 ml of the ACPA stock solution (8 mg of ACPA, 0.029 mmol) was added with a 
5 min delay after the mixture was thermally equilibrated at 80°C. The two phases added to the 
macroRAFT solution at the end of step 1 contained DPPS (2.97 g, 10 mmol) dissolved in S 
(3.33 g, 32 mmol) for the monomer phase and neat deionized water (12.8 g) for the aqueous 
phase. After 3 hours of further stirring for the resulting suspension, a 0.5 mL sample was 
withdrawn for analysis and the polymerization was quenched by immersion of the flask in 
iced water. The overall conversion of S (94%) was determined by gravimetric analysis and 
that of DPPS (100%) was measured by 31P NMR in THF-d8. DLS in water: Dh = 68 nm (PDI 
= 0.1). The step 3 (cross linking) was realized only for the delay method. 
Step 3: Micelle core-cross-linking by RAFT chain extension with S and DEGDMA. In the 
flask containing the P(MAA-co-PEOMA)-b-P(S-co-DPPS) latex from Step 2 (Method 4), S 
(1.34 g, 12.5 mmol), DEGDMA (0.31 g, 1.28 mmol, 10%mol relative to S), 1 mL of the ACPA 
stock solution (8 mg of ACPA, 0.029 mmol) and 4.8 g of deionized water were further added. 
The mixture was purged for 1 h with argon at 0°C, and the flask was then placed in an oil bath 
thermostated at 80°C. After 90 min, the polymerization was quenched by immersion of the 
flask in iced water. The overall conversion of the comonomers (97%) was determined by 1H 
NMR and 31P NMR in THF-d8. DLS in water: Dh = 73 nm (PDI = 0.09). 
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V.2.10 Preparation of the BMOPPP@CCM latex by one-pot RAFT polymerization 
in water.  
Step 1: Preparation of the P(MAA-co-PEOMA)-TTC macromolecular RAFT agent 
(macroRAFT) in water. This procedure is identical to that used in Step 1 of the TPP@CCM-
25 synthesis (V.2.9). The ACPA stock solution contained ACPA (30 mg ml-1) and NaHCO3 
(30 mg) in deionized water (1 mL). The polymerization was carried out using 100 μL of this 
stock solution (3 mg ACPA, 0.0108 mmol), CTPPA (15 mg, 0.054 mmol), MAA (75 mg, 
0.87 mmol), PEOMA (0.79 g, 0.83 mmol) and 4.1 g of deionized water, using 1,3,5-trioxane 
as an internal reference for the determination of the monomer conversion by 1H NMR. The 
overall monomer molar conversion was about 98% after 120 min as determined by 1H NMR 
spectroscopy in DMSO-d6. The molar mass was analysed by SEC in THF (experimental Mn = 
11200 g mol-1; Ɖ = 1.19). 
Step 2: RAFT copolymerization of S and BMOPPS in water. A suspension containing 1.57 g 
of S (15 mmol), 0.269 g of BMOPPS (0.772 mmol, 5%mol relative to S) in 4.62 g of deionized 
water, to which was also added the ACPA stock solution (100 μL containing 3 mg of ACPA, 
0.0108 mmol) was purged for 45 min with an argon stream at 0°C. This mixture was quickly 
injected under argon at 80°C into the macroRAFT solution after the end of Step 1. The 
separated organic/aqueous phases became an opaque suspension at around 1 h. After 2 hours 
of further stirring, a 0.5 mL sample was withdrawn for analysis and the polymerization was 
quenched by immersion of the flask in iced water. The overall conversion of S (94%) was 
determined by gravimetric analysis and that of BMOPPS (100%) was measured by 31P NMR 
in THF-d8. SEC: Mn = 43900 g mol-1 (Ɖ = 1.3). DLS in water: Dh  = 78 nm (PDI = 0.2). 
Step 3: Cross-linking. In the flask containing the P(MAA-co-PEOMA)-b-P(S-co-BMOPPS) 
latex from Step 2, 0.48 g of S (4.6 mmol), 0.137 g of DEGDMA (0.565 mmol, 10%mol relative 
to S), 90 μL of the ACPA stock solution (2.7 mg of ACPA, 0.009 mmol) and 2.43 g of 
deionized water were further added. The mixture was purged for 1 h with argon at 0°C, and 
the flask was then placed in an oil bath thermostated at 80°C. After 90 min, the 
polymerization was quenched by immersion of the flask in iced water. The overall conversion 
of the comonomers (97%) was determined by 1H NMR and 31P NMR in THF-d8. DLS in 
water: Dh = 81 nm (PDI = 0.16). 
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V.2.11 Preparation of (PS, SPh)@CCM latexes by one-pot RAFT polymerization in 
water 
The procedure was identical to that described above (part V.2.10) for the preparation of 
BMOPPP@CCM, using the same quantity of the reagents except for the type of ligand-
functionalized monomer (PS, SPh). The incorporation of (PS, SPh) in the CCM latex is 
limited to 3% mol, i.e. 9 units per chain, because of low solubility. Only the amounts used in 
step 2 are given below. Step1 and Step 3 were carried out in an identical fashion as for the 
synthesis of BMOPPP@CCM.  
DP = 300; (PS, S):S = 5/95: S (1.5 g, 14.4 mmol), (PS, S) (0.5 g, 0.76 mmol), 100 μL of stock 
solution (3 mg ACPA, 0.0108 mmol) and water (4.8 g). Using these amounts, the reaction 
resulted in coagulation. 
 
DP = 300; (PS, S):S = 2/98: S (1,71 g, 16mmol), (PS, S) (0.206 g, 0.31 mmol), 100 μL of 
stock solution (3 mg ACPA, 0.0108 mmol) and water (4.9 g).  
DLS in water of final BMOPPP@CCM: Dh = 128 nm (PDI = 0.3). 
 
DP = 300; (PS, S):S = 3/97: S (1.73 g, 16.6 mmol), (PS, S) (0.29 g, 0.44 mmol), 100 μL of 
stock solution (3 mg ACPA, 0.0108 mmol) and water (4.92 g).  
DLS in water of final BMOPPP@CCM: Dh = 100 nm (PDI = 0.15). 
V.2.12 Attempted synthesis of a TPP@CCM latex from a PNAM-TTC macroRAFT 
agent  
Step 1: Preparation of the PNAM-TTC macromolecular RAFT agent (macroRAFT) in water. 
A stock solution containing ACPA (48 mg ml-1) in deionized water (8 mL) containing also 
NaHCO3 (48 mg) was prepared. 1 mL of this stock solution (6 mg ACPA, 0.021 mmol), 
CTPPA (30 mg, 0.1 mmol), NAM (0.4 g, 2.8 mmol) and 1.8 g of deionized water were added 
into a 25 mL flask equipped with a magnetic stirrer bar, which was then sealed with a rubber 
septum. 1,3,5-trioxane was also added into the flask as an internal reference for the 
determination of the monomer conversion by 1H NMR. The solution was purged for 45 min 
with argon and then heated to 80°C in a thermostated oil bath with stirring. After 60 min, 0.15 
mL of solution was taken to determine the monomer conversion and the molar mass of the 
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macroRAFT product. The overall monomer molar conversion was about 98% as determined 
by 1H NMR spectroscopy in DMSO-d6. The molar mass was analyzed by size exclusion 
chromatography (SEC) in THF (SEC: Mn = 3110 g mol-1; Ɖ = 1.08). This product, always 
prepared in the same manner, was used as macroRAFT agent in several attempts to generate 
well controlled CCM particles, as described below. 
Step 2: Attempted RAFT copolymerization of S and DPPS in water.  
Method 1. Convential method. A suspension containing 1.1 g of S (11 mmol) in 2.2 g of 
deionized water, to which was also added the ACPA stock solution (1 mL containing 6 mg of 
ACPA, 0.021 mmol) was purged for 45 min with an argon stream at 0°C. This mixture was 
quickly injected under argon at 80°C into the PNAM-TTC macroRAFT solution after the end 
of Step 1. After 150 min of further stirring for the resulting suspension, the polymerization 
was quenched by immersion of the flask in iced water. Subsequently, 1.8 g of S (17 mmol), 
0.9 g of DPPS (3 mmol, 10%mol relative to S), 0.9 mL of the ACPA stock solution (5.4 mg of 
ACPA, 0.018 mmol) and 10 g of deionized water were further added. The mixture was purged 
for 1 h with argon at 0°C, and the flask was then placed in an oil bath thermostated at 80°C. 
After 1 h, the mixture became inhomogeneous, with chewing-gum-like and solid matter being 
observed.  
Method 2. At adjusted pH (5). This procedure is identical to that of method 1, except that 
the pH of the aqueous phase was adjusted to pH5 by HCl (1M) before adding the DPPS/S 
monomer mixture (1.8 g of S (17 mmol), 0.9 g of DPPS (3 mmol, 10%mol relative to S), 0.9 
mL of the ACPA stock solution (5.4 mg of ACPA, 0.018 mmol) and 10 g of deionized water) 
to the macroRAFT reagent. The result of this attempt was identical, with coagulation upon 
cooling. 
 
Method 3. Diluted conditions. In this procedure, 1.8 g of S (17 mmol), 0.9 g of DPPS (3 
mmol, 10%mol relative to S) and 36 g of deionized water were introduced in the reactor 
together with the monomers and ACPA initiator (5.4 mg of ACPA, 0.018 mmol). Again, 
coagulation was observed upon cooling.  
 
Method 3. Delayed addition. This method is identical to the delayed addition procedure 
(method 4 of Step 2) that led to the successful synthesis of TPP@CCM-25 from the P(MAA-
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co-PEOMA)-TTC macroRAFT agent (section V.2.9). In this procedure, 1.8 g of S (17 mmol), 
0.9 g of DPPS (3 mmol, 10%mol relative to S) and 10.5 g of deionized water were introduced 
in the reactor, after 5 min of stirring at 80ºC, 0.9 mL of the ACPA stock solution (5.4 mg of 
ACPA, 0.018 mmol) was added. However, in this case even this procedure led again to 
coagulation upon cooling.  
 
RAFT copolymerization of only styrene. This experiment was carried out according to the 
standard procedure (method 1): S (2.9 g, 27.8 mmol), deionized water (15 g). The overall 
conversion of S (99%) was determined by gravimetric analysis. SEC: Mn = 32150 g mol-1 (Ɖ 
= 1.22). DLS in water: Dz = 56 nm (PDI = 0.49) (bimodal distribution).  
V.2.13 Preparation of a Py@CCM latex from a PNAM-TTC macroRAFT agent 
Step 1: Preparation of the PNAM-TTC macromolecular RAFT agent (macroRAFT) in water. 
This step was carried in the same way described above in section V.2.12 from a stock solution 
containing ACPA (30 mg ml-1) and NaHCO3 (30 mg) in deionized water (1 mL). 50 μL of 
this stock solution (1.5 mg ACPA, 0.0052 mmol), 15 mg of CTPPA (0.054 mmol), 0.33 g of 
NAM (2.3 mmol) and 0.9 g of deionized water gave about 99% conversion after 60 min and 
gave a polymer with Mn (SEC) = 6970 g mol-1 (Ɖ = 1.21). 
Step 2: RAFT polymerization of VP in water. A solution of VP (0.27 g, 2.56 mmol) in 0.92 g 
of deionized water, to which was also added the ACPA stock solution (100 μL containing 3 
mg of ACPA, 0.01 mmol) were purged for 45 min with an argon stream at 0°C. This mixture 
was quickly injected under argon at 80°C into the macroRAFT solution after the end of Step 1. 
After 2 h of further stirring, the polymerization was quenched by immersion of the flask in 
iced water. The overall conversion of VP (97%) was determined by 1H NMR spectroscopy in 
D2O.  
Step 3: RAFT polymerization of S in water. To the flask containing the PNAM-b-PVP 
product from Step 2, 0.91 g of S (8.7 mmol), 100 μL of the ACPA stock solution (3 mg of 
ACPA, 0.01 mmol) and 3.3 g of deionized water were further added. The mixture was purged 
for 1 h with argon at 0°C, and the flask was then placed in an oil bath thermostated at 80°C. 
After 2.5 h, the polymerization was quenched by immersion of the flask in iced water. The 
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overall conversion of S (99%) was determined by 1H NMR spectroscopy in DMSO-d6. DLS 
in water; Dh = 75 nm (PDI = 0.11). 
Step 4: Cross-linking. To the flask containing the PNAM-b-PVP-b-PS latex from Step 3, 0.33 
g of S (3.1 mmol), 0.09 g of DEGDMA (0.37 mmol, 10%mol relative to S), 100 μL of the 
ACPA stock solution (3 mg of ACPA, 0.01 mmol) and 1.88 g of deionized water were further 
added. The mixture was purged for 1 h with argon at 0°C, and the flask was then placed in an 
oil bath thermostated at 80°C. After 90 min, the polymerization was quenched by immersion 
of the flask in iced water. The overall conversion of the comonomers (97%) was determined 
by 1H NMR in THF-d8. DLS in water; Dh = 90 nm (PDI = 0.11). 
V.2.14 General procedure for the preparation of the nanogels through one-pot 
RAFT polymerization in water. 
V.2.14.1 Preparation of TPP@NG 
Step 1: Preparation of P(MAA-co-PEOMA)-TTC macroRAFT in water. The procedure was 
the same as the one described previously for the synthesis of core-cross-linked micelles, using 
0.02 g (0.0722 mmol) of CTPPA, 0.096 g (1.12 mmol) of MAA and 1.04 g (1.10 mmol) of 
PEOMA in 4.3 mL of water. The molar mass was analyzed by size exclusion chromatography 
(SEC) in THF (experimental Mn = 15 530 g mol-1; Ɖ = 1.2). 
Step 2: Preparation of nanogels. A two-phase mixture of S (0.372 g, 3.6 mmol) and the 
ACPA stock solution (50 μL containing 4 mg of ACPA, 0.014 mmol) were purged for 45 min 
with an argon stream at 0°C. This solution was quickly injected into the reaction flask, after 
the completion of Step 1, under argon at 80°C. After 3 hours of stirring, a 0.1 mL sample was 
withdrawn for analysis and the polymerization was quenched by immersion of the flask into 
iced water. The molar mass was analyzed by size exclusion chromatography (SEC) in THF 
(experimental Mn = 18840 g mol-1; Ɖ = 1.2). Then S (2.39 g, 23 mmol), DPPS (0.3 g, 1.05 
mmol), DEGDMA (0.15 g, 0.6 mmol), 50 μL of the ACPA stock solution (4 mg of ACPA, 
0.014 mmol) and 7.1 g of deionized water were added. The mixture was purged for 1 h with 
argon at 0°C, and the flask was then placed in an oil bath thermostated at 80°C. After 3 h, a 
0.5 mL sample was withdrawn for analysis and the polymerization was quenched by 
immersion of the flask in iced water. The overall conversion of S and DEGDMA (99%) was 
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determined by 1H NMR in THF-d8 and that of DPPS (100%) was measured by 31P NMR in 
THF-d8. DLS: Dh = 86 nm (PDI = 0.2) in H2O, 188 nm (PDI = 0.15) in THF.  
V.2.14.2 Preparation of BMOPPP@NG:  
The procedure was identical to that described above for the preparation of TPP@NG, using 
the same quantity of the reagents except for the use of BMOPPS in place of DPPS. The 
overall conversion of S and DEGDMA (98%) was determined by 1H NMR in THF-d8 and that 
of DPPS (100%) was measured by 31P NMR in THF-d8. DLS: Dh = 99 nm (PDI = 0.23) in 
H2O, 236 nm (PDI = 0.23) in THF. 
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V.3 Protocols for chapter III 
V.3.1 Synthesis of [RhCl(COD)(TPP)] (III.1).  
The III.1 was synthesized by adapting a literature procedure.[4] A 25 mL Schlenk tube 
containing a magnetic stirring bar was charged with [Rh(COD)Cl]2 (197 mg, 0.4 mmol), TPP 
(210 mg, 0.8 mmol) and dry toluene (1.5 mL). The reaction mixture was stirred at RT, 
resulting in the precipitation of the product as an orange solid within 1 h. After stirring for an 
additional 2 h, the solution was filtered and the recovered solid was washed with pentane 
twice (20 mL) and dried under vacuum. Yield 249 mg (61.4%). 1H NMR (400 MHz, CDCl3, 
298K) δ 7.79-7.75 (m, 6H, Ph), 7.47-7.37 (m, 9H, Ph), 5.6 (br, 2H, CHcod), 3.17 (br, 2H, 
CHcod), 2.52-2.33 (m, 4H, CH2 cod), 2.16-1.87 (m, 4H, CH2 cod). 31P{1H} NMR (162 MHz, 
CDCl3, 298K): δ 30.68 (d, JP-Rh = 150.6 Hz) (Lit.: δ 31.3, JPRh = 150.1 Hz.[4]). 13C{1H} NMR 
(101.5 MHz, CDCl3, 298K): δ 134.82, 131.86, 131.4, 130.19, 128.17 (Cq  and CH Ar), 105.28 
(m, JC1-C = 7.08 Hz JC2-C = 13.2Hz, CH cod), 70.7(d, J = 13.2Hz, CH cod) , 33.08 (s, CH2 cod), 
28.91 (s, CH2 cod). Synthesis of [Rh(acac)(CO)(TPP)] (III.3).  
The III.3 was synthesized by adapting a literature procedure.[5] A 25 mL Schlenk tube 
containing a magnetic stirring bar was charged with [Rh(acac)(CO)2] (15.5 mg, 0.0601 mmol, 
1.01 eq) , TPP (15.74 mg, 0.06 mmol, 1 eq) and dry CH2Cl2 (1.5 mL). The reaction mixture 
was stirred at RT for 30 min, then the product was precipitated by adding 20 mL of pentane. 
The yellow precipitate was then filtered off, washed with pentane twice (20 mL) and dried 
under vacuum. 1H NMR (400 MHz, CDCl3, 298K): δ 7.72-7.67 (m, 6H, Ph), 7.48-7.38 (m, 
9H, Ph), 5.46 (s, H, CHacac), 2.12 (s, 3H, CH3 acac), 1.63 (s, 3H, CH3 acac). 31P{1H} NMR (162 
MHz, CDCl3, 298K): δ 48.67 (d, JP-Rh = 175.0 Hz) (Lit.: δ 48.6, JPRh = 179.7 Hz[5]). 13C{1H} 
NMR (101.5 MHz, CDCl3, 298K): δ 189.53 (d, JC-P = 25.37 Hz), 189.53 (d, JC-Rh = 77.14 Hz), 
187.47 (s, COacac), 185.43 (s, COacac), 134.5, 132.72, 132.21, 130.25, 128.03 (Cq and CHAr), 
100.72 (d, J = 2.03 Hz, CH acac), 27.54 (d, J = 7.1 Hz CH3 acac), 26.68 (s, CH3 acac).  
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V.3.2 Synthesis of [Rh(acac)(CO)(TMOPP)] (III.2).  
This synthesis differs from the literature procedure in the Rh/P ratio.[6] We found that when 
using an excess of the phosphine, the residual phosphine was oxidized to the phosphine oxide, 
which precipitates together with the product during the work-up procedure and further 
purification was difficult. On the other hand, use of a slight excess of the Rh precursor 
consumed the phosphine completely and the residual unreacted [Rh(acac)(CO)2] remains in 
solution upon crystallization of the product and is easily removed.  
A 25 mL Schlenk tube containing a magnetic stirring bar was charged with [Rh(acac)(CO)2] 
(155 mg, 0.601 mmol, 1.01 eq) , TMOPP (211.2 mg, 0.6 mmol, 1 eq) and dry CH2Cl2 (1.5 
mL). The reaction mixture was stirred at RT for 30 min, and then the product was precipitated 
by adding 20 mL of pentane. The yellow precipitate was then filtered off, washed with 
pentane twice (20 mL) and dried under vacuum. Yield 191 mg (63%), 1H NMR (400 MHz, 
CDCl3, 298K): δ 7.62-7.56 (m, 6H, Ph), 6.94-6.89 (m, 6H, Ph), 5.44 (s, H, CH acac), 3.85 (s, 
9H, CH3 OMe), 2.11 (s, 3H, CH3 acac), 1.66 (s, 3H, CH3 acac); 31P{1H} NMR (121 MHz, 
CDCl3, 298K): δ 44.14 (d, JP-Rh = 173.7 Hz) (Lit.: δ 43.5, JPRh = 175.6 Hz[6]). IR (CDCl3): 
ν(CO) = 1919 cm-1.  
V.3.3 Synthesis of [Ir(COD)Cl(TPP)] (III.9).  
The III.9 was synthesized by adapting a literature procedure.[7] A 25 mL Schlenk tube 
containing a magnetic stirring bar was charged with [Ir(COD)Cl]2 (201.5 mg, 0.3 mmol), TPP 
(157.3 mg, 0.6 mmol) and dry CH2Cl2 (1.5 mL). The reaction mixture was stirred at RT for 2h, 
the product was precipitated by adding 20 mL of pentane. The yellow precipitate was filtered 
off, washed with pentane twice (20 mL) and dried under vacuum. Yield 243 mg (69%). 1H 
NMR (400 MHz, CDCl3, 298K): δ 7.74-7.66 (m, 6H, CH Ar), 7.45-7.4 (m, 9H, CH Ar), 5.2 
(br, 2H, CH cod), 2.74 (br, 2H, CH cod), 2.3-2.2 (m, 4H, CH2 cod), 1.9 (br, 2H, CH2 cod), 1.3 
(br, 2H, CH2 cod). 31P{1H} NMR (162 MHz, CDCl3, 298K): δ 21.93. 
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V.3.4 Isolation of a mixture of [Rh(CO)Cl(TPP)2] (III.5), [Rh(CO)Cl(TMOPP)2] 
(III.6), and [Rh(CO)Cl(TPP)(TMOPP)] (III.7) 
The two separately prepared solutions of III.2 (35 mg, 0.06 mol) in CH2Cl2(1 mL) and III.1 
(30.5 mg, 0.06 mmol) in CH2Cl2 (1 mL) were combined at room temperature. The resulting 
mixture was stirred overnight. The resulting solution was concentrated to ca. half the volume 
and then diffusion of pentane vapors yielded a crystalline solid, yield 29 mg. The solid was 
characterized by 31P{1H} NMR and by 31P–31P COSY, 31P–103Rh HMQC, and 31P–103Rh 
HSQC (see Chapter III) in CDCl3. 
V.3.5 Reaction between [RhCl(COD)(TPP)] (III.1) and [Rh(acac)(CO)(TPP)] (III.3)-
Generation of [Rh(CO)Cl(TPP)2] (III.5) and [Rh(acac)(COD)] (III.8).  
Two separately prepared solutions of III.1 (30.5 mg, 0.06 mmol) in CH2Cl2 (1.5 mL) and 
III.3 (29.5 mg, 0.06 mmol) in CH2Cl2 (1.5 mL) were combined and the resulting mixture was 
stirred at room temperature, progressively depositing a yellow precipitate. After 5 h, the solid 
was filtered, washed with pentane, and dried under vacuum. Pentane (20 mL) was added to 
the filtrate to yield an additional yellow crystalline precipitate, which was again filtered off, 
washed, and dried. These solids were identified as complex III.5 by NMR spectroscopy (see 
below) and compared with those in the literature.[8] The residual yellow solution was 
evaporated under reduced pressure to yield a yellow-brown solid, identified by NMR 
spectroscopy as complex III.8 by comparison of its 1H and 13C{1H} NMR spectra (see 
below) with those in the literature.[9,10] [Rh(CO)Cl(TPP)2]: 1H NMR (400 MHz, CDCl3): δ = 
7.78–7.74 (m, 12 H, CHAr), 7.44–7.4 (m, 18 H, CH Ar) ppm. 31P{1H} NMR (162 MHz, 
CDCl3, 298 K): δ = 28.97 (d, JP-Rh = 126.4 Hz) ppm. 13C{1H} NMR (101.5 MHz, CDCl3): δ = 
187.6–186.6 (m, CO), 134.73, 132.96, 130.09, 128.12 (CH Ar). [Rh(acac)(COD)] ppm. 1H 
NMR (400 MHz, CDCl3, 298 K): δ = 5.34 (s, 1 H, CH acac), 4.09 (s, 4 H, CH cod), 2.49–2.46 
(m, 4 H, CH2 cod), 1.95 (s, 6 H, CH3 acac), 1.87–1.81 (m, 4 H, CH2 cod) ppm. 13C{1H} 
NMR (101.5 MHz, CDCl3, 298 K): δ = 186.64 (s, CO acac), 134.8–134.4, 131.2–131.9, 
130.24, 128.49, 128 (CH Ar), 99.76 (d, J = 2.03 Hz, CH acac), 76.47 (d, J = 14.7 Hz, CH cod), 
30.24 (s, CH2 cod), 27.36 (s, CH3 acac) ppm. 
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V.3.6 Reaction between [RhCl(COD)(TMOPP)] (III.4) and [Rh(acac)(CO)(TM 
OPP)] (III.2)-Generation of [Rh(CO)Cl(TMOPP)2] (III.6) and [Rh(acac)(COD)] (III.8).  
This reaction was carried out according to the same protocol described in the previous section 
for the corresponding TPP complexes, starting from complex III.2 (34.9 mg, 0.06 mmol) in 
CH2Cl2 (1.5 mL) and III.4 (0.06 mmol) in CH2Cl2 (1.5 mL). The latter was generated in situ 
from [Rh(COD)Cl]2 (14.8 mg, 0.03 mmol) and TMOPP (21.14 mg, 0.06 mmol). The 
recovered yellow precipitate (same workup as above) was identified as complex III.6 by 
comparison of its NMR properties with those in the literature,[11] while the residue recovered 
from the solution corresponded again to complex III.8. [Rh(CO)Cl(TMOPP)2]: 1H NMR (400 
MHz, CDCl3): δ = 7.67–7.62 (m, 12 H, CH Ar), 6.92 (d, 12 H, CH Ar), 3.83 (s, 18 H, CH3 
OMe) ppm. 31P{1H} NMR (162 MHz, CDCl3, 298 K): δ = 24.8 (d, JP-Rh = 124.74 Hz) ppm. 
13C{1H} NMR (101.5 MHz, CDCl3): δ = 187.2 (m, CO), 160.86 (Cq), 136.09 (CH Ar), 124.89 
(Cq), 113.7 (CH Ar), 55.4 (CH3 OMe) ppm. In addition, a single crystal of this compound 
was obtained from a dichloromethane solution by pentane vapor diffusion at room 
temperature. Its unit cell parameters correspond to those of the published structure of 
[Rh(CO)Cl (TMOPP)2].[12] 
V.3.7 General procedure for metal complexation of the phosphine ligand within the 
nanoparticle core.  
V.3.7.1 Loading with [Rh(acac)(CO)2] 
Only the example of BMOPPP@CCM will be detailed: [Rh(acac)(CO)2] (31.7 mg, 1.01 eq) 
in toluene (1 mL) was added to a previously swollen nanoparticles latex (5 mL, 0.1 mg/mL) 
prepared from the BMOPPP@CCM latex (2 mL) diluted in D2O (3 mL) by addition of 
toluene (0.5 mL). The swelling was very rapid (< 1 min upon stirring at room temperature) as 
confirmed by visual disappearance of the toluene phase and by the 31P NMR observation of 
the core phosphine resonance (see Chapter 3). The reaction mixture was stirred at room 
temperature for 10 min during which time the latex color changed to yellow while the 
supernatant toluene phase became colorless. The aqueous phase was washed by toluene (2x1 
mL) under argon to remove any excess of the Rh precursor; both toluene washings were 
colorless. The aqueous phase ([Rh(acac)(CO)(BMOPPP)]@CCM latex) was collected after 
decantation for further NMR studies. 31P{1H} NMR (162 MHz, CDCl3, 298 K): δ 44.5 (d, J = 
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176 Hz) for [Rh(acac)(CO)(BMOPPP@CCM)]; δ 47.6 (d, J = 175 Hz) for 
[Rh(acac)(CO)(TPP@CCM-10)]. The same procedure was used to prepare the TPP@CCM-5, 
TPP@CCM-25, TPP@NG and BMOPPP@NG latexes 100% loaded with the [Rh(acac)(CO)] 
fragment, by adjusting the amount of precursor [Rh(acac)(CO)2] complex to a slight excess 
(ca. 1.01 equiv) relative to the amount of phosphine functions. The 31P{1H} NMR resonances 
of the different latexes were identical, depending only on the nature of the phosphine function 
(TPP or BMOPPP).  
V.3.7.2 Loading with [RhCl(COD)]2  
Latexes metalated with the [RhCl(COD)] fragment were obtained by the same procedure 
described in part V.3.7.1, by bridge-splitting of the corresponding dimer [RhCl(COD)]2. Only 
the example of TPP@CCM-5 will be detailed. A sample of TPP@CCM-5 latex (0.5 mL, 0.03 
mmol of TPP) was diluted with D2O (0.5 mL) and swollen by addition of toluene (0.1 mL). 
The swelling was rapid as confirmed by visual disappearance of the toluene phase. To this 
sample was added [RhCl(COD)]2 (7.7 mg, 0.0155 mmol) in toluene (1 mL) and the resulting 
mixture was stirred at room temperature for 10 min, during which time the latex color 
changed to yellow while the supernatant toluene phase became colorless. The aqueous phase 
was washed with toluene (2x1 mL) under argon to remove any excess of the Rh complex; 
both toluene washings were colorless. The resulting [RhCl(COD)(TPP@CCM-5)] latex was 
collected after decantation for further NMR studies. 31P{1H} NMR (162 MHz, CDCl3, 298K): 
δ 29.4 (d, J = 147 Hz). The same procedure was also used to load the other latexes with 
[RhCl(COD)]. 31P{1H} NMR (162 MHz, D2O, 298K) for [RhCl(COD)(BMOPPP@CCM)]: δ 
26.9 (d, J = 149 Hz). As for the case of the 100% [Rh(acac)(CO)]-loaded latexes, the 31P 
NMR spectrum of all 100% [RhCl(COD)]-loaded latexes were independent on the type of 
latex (CCM or NG), depending only on the type of phosphine function bonded to rhodium. 
Additional CCM latexes loaded with a different mole % of the Rh precursor for exchange 
studies, as detailed in the Results and Discussion section, were prepared by the same 
procedure adjusting the amount of rhodium complex to the desired fraction.  
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V.3.7.3 Loading with AuClS(CH3)2 and with [Rh(Cp*)Cl]2 
Latexes metalated with the [AuCl] fragment and the [Rh(Cp*)Cl] fragment were obtained by 
the same procedure described in part V.3.7.1 and part V.3.7.2, by adjusting the amount of 
reactants. 
Loading with AuCl(SMe2): TPP@CCM-10 (0.4 mL, 0.048 mmol of TPP), AuClS(CH3)2 
(14,14mg, 0,048mmol), anisole (0.5 ml) and D2O (1.5 ml). 31P{1H} NMR (162 MHz, CDCl3, 
298K): δ 31.77. 
Loading with [Rh(Cp*)Cl]2: TPP@CCM-10 (1.5 mL, 0.18 mmol of TPP), [Rh(Cp*)Cl]2 
(55,63mg, 0,09mmol), toluene (2 ml) and D2O (3 ml). 31P{1H} NMR (162 MHz, CDCl3, 
298K): δ 29.49 (d, J = 138 Hz). 
V.3.8 Interparticle metal exchange study involving 100% [Rh(acac)(CO)]-loaded 
polymers and Rh-free polymers.  
V.3.8.1 At natural pH, using the TPP@CCM-10 particles.  
The two starting latexes were prepared independently by diluting 1.5 mL of TPP@CCM-10 
(0.177 mmol of TPP, 0.0885 mmol of MAA) with D2O (4.5 mL). One of these two samples 
was charged with [Rh(acac)(CO)2] (100% loading) as described above. The second sample 
was swollen with the same amount of toluene used for the first sample in order to obtain the 
same concentration of particles. Equivalent volumes of these two samples where the directly 
mixed in an NMR tube under argon and the resulting mixture was monitored by 31P{1H} 
NMR spectroscopy (see Chapter III). 
V.3.8.2 Under basic conditions, using the TPP@CCM-10 particles.   
This procedure is identical to that described in section V.3.8.1, except that the two starting 
latexes, one of which was charged with [Rh(acac)(CO)2] (100% loading) were prepared from 
0.5 mL of TPP@CCM-10 (0.06 mmol of TPP, 0.03 mmol of MAA) with D2O (1 mL). 40 μL 
of a concentrated NaOH solution (10 N, 0.4 mmol) was added to each starting latex to adjust 
the final pH to 13.6, before mixing in the NMR tube.  
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V.3.8.3 Under basic conditions, using the TPP@NG particles.  
This procedure is identical to that described in section V.3.8.2, except that the two starting 
latexes were prepared from 0.5 mL of TPP@NG (0.034 mmol of TPP, 0.034 mmol of MAA).  
V.3.9 Interparticle double exchange study involving 100% [Rh(acac)(CO)]-loaded 
BMOPPP-functionalized latex and 100% [RhCl(COD)]-loaded TPP functionalized latex.  
V.3.9.1 Using the CCM particles.  
The TPP@CCM-5 and BMOPPP@CCM latexes (0.5 mL, 0.03 mmol of functionalized 
styrene for each sample) were independently diluted into D2O (0.5 ml). The TPP@CCM-5 
sample was loaded with [Rh(COD)Cl]2 and the BMOPPP@CCM sample was loaded with 
[Rh(acac)(CO)2] as described above. Equivalent volumes of the two latexes were then directly 
mixed in an NMR tube under argon. The resulting solution was monitored by 31P{1H} NMR 
spectroscopy (see Chapter III). 
V.3.9.2 Using the NG particles.  
This procedure is identical to that described above for the CCM particles, using 
[Rh(acac)(CO)(BMOPPP@NG)] and [RhCl(COD)(TPP@NG)] samples.  
V.3.10 Interparticle metal exchange study involving [Rh(acac)(CO)(TPP@CCM-
10)] and TPP@CCM in the presence of NaCl. 
Stock solutions of TPP@CCM-10 and [Rh(acac)(CO)(TPP@CCM-10)] (100% metal loading) 
were prepared from 0.5 ml of latex (0.06 mol of DPPS) diluted into D2O (1 ml). To each 
sample was added 120 μL of a concentrated NaCl solution (5 N, 0.6 mmol). These two 
latexes were then directly mixed in equimolar amounts in an NMR tube under argon. The 
resulting solution was monitored by 31P{1H} NMR spectroscopy.  
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Annexes 
 
 
 
 
 
 
 
 
 
 
Figure A. 1 1H NMR spectra of TPP@CCM and TPP@NG in D2O with and without toluene swelling 
at pH 13.6. The starred resonance corresponds to water. The starred resonance is due to a minor 
amount of side reaction. 
 
 
 
 
  
* 
Procedure for the deconvolution of Figure II. 10 in Chapter II. 
 
The deconvolution was carried out with Excel by a least-squares procedure using 
Solver and the standard deviations on the optimized parameters were obtained with 
the Macro SolverAid. Each peak is described by a Lorentzian, for which the equation 
is given in the NMR textbooks: 
H(x) = B/[B2+4π2(x-δ)2]    (B = 1/T2  width parameter; x = chemical shift; δ chemical 
shift parameter) 
As such, the curve has a normalized area.  It must be multiplied by an intensity 
parameter (A).  However, changing B changes also the peak height.  We found more 
convenient (for possible manual adjustments), to use the curve 
H(x) = AB2/[B2+4π2(x-δ)2]  =  A/[1+4π2(x-δ)2B-2] 
because changing B results in a width change without affecting the peak height (at 
least to a first approximation. Each Lorentzian is described by 3 adjustable parameters 
(A, B, δ), thus the sum of the two Lorenztians depends on a total of 6 adjustable 
parameters.  
The sum of the squares of the differences Σ(Hexp-Hcalc)2 was minimized with Solver 
and the errors calculated with SolverAid. The results are shown in the following 
Table:  
Parameter Toluene Toluene/1-octene Nonanal Decanal 
A1 = 61074(261) 99753(450) 60746(341) 61314(469) 
B1 = 0.0380(2) 0.0448(3) 0.0468(5) 0.0430(6) 
δ1 = 3.62459(3) 3.60596(3) 3.61156(3) 3.61286(4) 
A2 = 21456(100) 3800(166) 34532(222) 33459(309) 
B2 = 0.2610(2) 0.328(2) 0.1425(11) 0.1630(14) 
δ2 = 3.5034(2) 3.5375(3) 3.5892(2) 3.5914(3) 
 
It can be appreciated that the chemical shift parameters are determined with great precision. 
Thus, they will be considered exact for the error propagation analysis.  
The integration of each Lorentzian resonance was obtained numerically by simply summing 
the H(xi) values  
Sn = Σ i[Hn(xi)] 
The errors on the areas Sn was obtained by error propagation: 
If   F = F(x,y),   then 
σF2 = (F/x)2σx2 + (F/y)2σy2  
So: 
σS2 = Σiσ2[Hn(xi)] 
and    σ2[Hn(xi)] = (Hn/An)2σAn2 + (Hn/Bn)2σBn2 (again: δn is considered exact) 
This gives:   
σ2[Hn(xi)] = {[1+4π2(x-δn)2Bn-2]-1(σAn)}x2 + {A[1+4π2(xi-δ)2Bn-2]-28π2(xi-δ)2(Bn)-3(σBn)}2 
or, given that [1+4π2(x-δn)2Bn-2]-1 = Hn(xi)/An,  
σ2[Hn(xi)] = {[Hn(xi)](σAn)/An}2 + {[Hn(xi)]2An-18π2(xi-δ)2(Bn)-3(σBn)}2 
Finally, the percent of each species is calculated as 
%n = Sn/(S1+S2) = Sn/TOT 
with  
σTOT2 = Σnσ2(Sn) 
and therefore  
σ2(%n) = [σ(Sn)/TOT]2 + [σTOTSn/TOT2]2 
  
   
 
 
 
Figure A. 2.  1H (A) and 31P {1H} (B) spectra of CCM swollen with decanal (comparison with the same 
swollen with nonanal as reported in Chapter II in Figure II. 2. C is an expansion of A in the PEO 
resonance region.  
 
 
 
 
 
 
Figure A. 3.  Normalized SEC response (RI) of the macro controlling agent, HOOCCH2CH2C(CN) 
(CH3)-P(MMA15-co-PEOMA15)-SC(S)SPr (blue), and of the block copolymer obtained after step 2 
(Scheme 2) (red).  
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Figure A. 4.  13C{1H} MAS-NMR spectrum of solid BMOPPS@CCM. The resonance marked with ○ 
belongs to PEO CH2 , that marked with * to the C-OMe of the BMOPPP moiety and those marked with 
□ to the other aromatic carbon.  
  
  
Figure A. 5  Deconvolution of the 1H NMR PEO CH2 resonance of toluene-swollen BMOPPP@CCM 
in D2O.  
 
 
Procedure for the deconvolution 
 
The deconvolution was carried out with Excel by a least-squares procedure using 
Solver and the standard deviations on the optimized parameters were obtained with 
the Macro SolverAid. Each peak is described by a Lorentzian function, for which the 
equation is: 
 
H(x) = B/[B2+4π2(x-δ)2]     
(B = 1/T2 width parameter; x = chemical shift; δ chemical shift parameter) 
 
As such, the curve has a normalized area. It must be multiplied by an intensity 
parameter (A).  However, changing B changes also the peak height. We found more 
convenient (for manual adjustments) to use the curve 
 
H(x) = AB2/[B2+4π2(x-δ)2]  =  A/[1+4π2(x-δ)2B-2] 
 
because changing B results in a width change without affecting the peak height (at 
least to a first approximation). Each Lorentzian is described by three adjustable 
parameters (A, B, δ), thus the sum of the two Lorenztians depends on a total of six 
adjustable parameters.  
 
The sum of the squares of the differences Σ(Hexp-Hcalc)2 was minimized with Solver 
and the errors calculated with SolverAid. The results are shown in the following 
Table:  
 
Parameter schG1057_1 
A1 = 175421(576) 
B1 = 0.0404(2) 
33.23.43.63.84 δ/ppm
schG1057_1
Lorentz1
Lorentz2
Somme
δ1 = 3.62771(2) 
A2 = 81173(211) 
B2 = 0.3058(12) 
δ2 = 3.5163(1) 
 
It can be appreciated that the chemical shift parameters (δ1, δ2) are determined with 
great precision. Thus, they will be considered exact for the error propagation analysis.  
The integration of each Lorentzian resonance was obtained numerically by summing 
the H(xi) values: 
 
Sn = Σ i[Hn(xi)] 
 
The errors on the areas Sn was obtained by error propagation: 
If   F = F(x,y),   then   σF2 = (F/x)2σx2 + (F/y)2σy2  
 
So: 
σS2 = Σiσ2[Hn(xi)] 
and    σ2[Hn(xi)] = (Hn/An)2σAn2 + (Hn/Bn)2σBn2 (again: δn is considered exact) 
 
This gives:   
 
σ2[Hn(xi)] = {[1+4π2(x-δn)2Bn-2]-1(σAn)}x2 + {A[1+4π2(xi-δ)2Bn-2]-28π2(xi-δ)2(Bn)-
3(σBn)}2 
or, given that [1+4π2(x-δn)2Bn-2]-1 = Hn(xi)/An,  
σ2[Hn(xi)] = {[Hn(xi)](σAn)/An}2 + {[Hn(xi)]2An-18π2(xi-δ)2(Bn)-3(σBn)}2 
 
Finally, the percent of each species is calculated as 
 
%n = Sn/(S1+S2) = Sn/TOT 
 
with   σTOT2 = Σnσ2(Sn) and, therefore, 
  
σ2(%n) = [σ(Sn)/TOT]2 + [σTOTSn/TOT2]2 
  
 
 
Figure A. 6.  Normalized SEC response (RI) of the macro controlling agent, HOOCCH2CH2C(CN) 
(CH3)-PNAM40-SC(S)SPr (blue), and of the triblock copolymer obtained after step 3(red).  
 
 
 
 
 
 
 
Figure A. 7.  Normalized SEC response (RI) of the macro controlling agent, HOOCCH2CH2C(CN) 
(CH3)-P(MMA15-co-PEOMA15)-SC(S)SPr (blue), and of the block copolymer obtained after step 2 for , 
HOOCCH2CH2C(CN) (CH3)-P(MMA15-co-PEOMA15)-PS50-SC(S)SPr (red).  
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Figure A. 8  1H NMR of the TPP@NG (left) and BMOPPP@NG (right) latexes. The spectra were 
recorded directly on the latexes after addition of D2O for the instrument lock. The resonance at δ 4.7 
belongs to water. Those at δ 3.63 (strong) and 3.30 (weak) belong to the CH2 and CH3 protons, 
respectively, of the PEOMA –(OCH2CH2)19-OCH3 protons. 
 
 
 
 
 
Figure A. 9  1H NMR spectra of the TPP@NG (below) and BMOPPP@NG (above) latexes in THF-d8. 
The spectra were recorded after drying the latex samples and taking up the residue directly in THF-d8. 
The starred resonances belong to the solvent. The lower field one (3.58 ppm) overlaps with the PEO 
methylene protons of the polymer hydrophilic shell. 
 
 
 
  
 
Figure A. 10  (A) 1H NMR spectra of the TPP@NG latex in D2O after swelling the polymer core with 
chloroform or toluene. (B) Expansion of (A) in the region of the PEOMA(OCH2CH2)19-OCH3 
resonances. 
  
 
 
Figure A. 11  31P{1H} NMR spectra of the TPP@NG and BMOPPP@NG latexes in D2O after 
swelling the polymer core with chloroform or toluene. 
 
 
 
 
 
Figure A. 12  1H NMR spectra of TPP@CCM and TPP@NG in D2O with and without toluene swelling 
at pH 13.6. The starred resonance corresponds to water. 
 
 
 
  
 RÉSUMÉ                                                                                                                               .      
Les catalyseurs sont indispensables à l’industrie chimique moderne. La récupération des catalyseurs est 
nécessaire d’un point de vue économique et environnemental lorsqu'elle fait appel à des métaux coûteux et/ou 
toxiques. L’utilisation de la catalyse micellaire est un bon choix d’un point de vue de l’activité, du transfert de 
masse, et de recyclage mais comporte les problèmes de la formation d’émulsions stables liée au gonflement 
excessif et la perte physique du tensioactif libre en équilibre avec les micelles.  L’objectif de ma thèse est 
réticuler les micelles au cœur pour éliminer ces problèmes. Après avoir construit de telles nanoparticules 
fonctionnalisées du ligand phosphine par la synthèse « one-pot » via PRC de type RAFT en émulsion. La 
première application des nanoréacteurs catalytiques a été réalisée en hydroformylation de l’octène en 
biphasique, donnant lieu à une conversion complète avec de faibles charges catalytiques, une décantation 
rapide et la possibilité de recycler le milieu catalytique. De manière inattendue, le catalyseur reste actif après 
une longue exposition à l’air, montrant un effet protecteur du polymère contre la dégradation du catalyseur. 
L’absence de coagulation à la fin de réaction est une preuve que ces nouveaux objets franchissent les 
limitations de la catalyse micellaire. 
 
 
ABSTRACT                                                                                                                          .  
The catalytic processes are at the heart of chemical industry. Modern chemical industry, under pressure of 
stricter regulations and societal concern, is faced with the need to improve efficiency and cleaner production 
processes and catalysis is one the major keys to green chemical technology. Catalysts recovery is necessary 
from an economic and environmental point of view when it makes use of expensive and / or toxic metals. The 
aim of this thesis is based on an innovative approach related to micellar catalyst but in which the catalyst is 
covalent linked to the hydrophobic core of well-defined unimolecular, core-cross-linked micelles. The 
synthetic protocol is based on a convergent method via RAFT-mediated one-pot aqueous emulsion 
polymerization. The efficiency of these unimolecular micelles as catalytic nanoreactors has been shown using 
the industrially relevant hydroformylation of 1-octene, in order to provide a proof of principle, as a test 
reaction yielding turnover frequencies and l/b ratio comparable to those of related homogeneous systems. 
However, the catalyst phase could be easily separated from the organic product phase and recycled. A 
remarkable protecting effect of the active catalyst by the polymer scaffold has also been demonstrated. The 
absence of the coagulation at the end of reaction is evidence that these new objects function as micelles while 
eliminating the disadvantages of micellar catalysis such as the formation of stable emulsion. 
.                                                                                                                                             .  
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